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Expansion plans by the Venezuelan state petroleum 
company include the construction of important new export 
refining capacity. Because the United States is the major 
market for Venezuelan refined products, the impact of 
expected increasing demand for clean fuels brought about by 
the 1990 U.S. Clean Air Act Amendments must be addressed. 
This new legislation imposes stricter reduction on emissions 
to air, and will cause significant changes in the type of 
fuels that automobiles will use.
Among alternatives, the so-called reformulated 
gasolines have emerged as one of the most viable choices for 
clean automobile fuels. The production of such gasolines 
will require important changes in the way gasolines are 
produced in petroleum refineries.
In this thesis a comparative study is made between a 
conventional refinery producing conventional gasolines and a 
reconfigured refinery (RCFG) designed for the production of 
reformulated gasolines (RFG). The study is made with the 
perspective of a new grass-roots Venezuelan export refinery.
A methodology was developed to design both types of 
refineries so that the only difference would be the 
properties of the corresponding gasolines. Product yield and
iii
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costs of individual process units were obtained from the 
open literature. Refinery configuration, process units size, 
utilities demand, etc., were calculated and used to estimate 
investment and operating costs and to make a comparative 
economic evaluation of both types of refineries (RCFG vs 
conventional).
The most important changes in the RCFG for RFG 
production were: production of MTBE, low severity catalytic 
reformer, overcracking operation with lower capacity in the 
catalytic cracker, and more capacity for the processes of 
hydrocracking, alkylation, and hydrogen production.
Total capital investment and operating costs for a RCFG 
of 2 00 Mbpd with 2 3.5 API crude located in Venezuela were 
estimated at $2.1 billion and $3.1/bbl, respectively. 
Refinery margin after capital recovery (15%, 15 yr) and 
before taxes were estimated at $3.1/bbl, assuming a price 
differential RFG-Conventional of 8 cents per gallon.
Investment costs for the’RCFG were 2 0% higher and 
operating costs 23% higher compared to the conventional 
refinery. Despite higher costs, the RCFG showed to be 
economically more attractive than the conventional refinery 
(about $0.9/bbl extra margin) because of expected higher RFG 
price (5 cents per gallon or more) and higher yield of 





Mon.-Thurs 7:30 am - 12 Mid.
F ri.......................7:30am - 5:00pm
Sat.......................9:00am - 5:00pm
Sun......................1:00pm - 12 Mid.
SUMMER HOURS
Mon. - F ri............7:30am - 6:00pm
Sat 9:00am - 5:00pm
RECALL
All materials are subject 










LIST OF F I G U R E S ........................................... viii
LIST OF T A B L E S ...............................................X
LIST OF A B B R E VIATIONS.....................................xii
ACKNOWLEDGEMENT ..........................................  xiv
Chapter 1. INTRODUCTION ................................. 1
Chapter 2. STATEMENT OF OBJECTIVES AND METHODOLOGY . . 4
Chapter 3. PETROLEUM REFINING INDUSTRY ...............  7
3.1 The U.S. Market: A Target for Venezuelan Oil . 7
3.2 U.S. Refining Capacity ........................ 8
3.3 Prospects for New Capacity...................... 12
3.4 Prospects for Refining Margin.................  14
Chapter 4. THE 1990 U.S. CLEAN AIR ACT AMENDMENTS . . .  15
Chapter 5. DESIGN BASIS DEFINITION....................... 21
5.1 Crude O i l ........................................21
5.2 Refinery S i z e ................................... 25
5.3 Liquid Product Distribution ...............  27
5.4 Product Q u a l i t y ................................. 29
5.5 Location.......................................... 30
5.6 Feed/Product Price Structure ...............  32
5.6.1 Crude O i l ..................................32
5.6.2 Refined Products ......................  34
Chapter 6. CONVENTIONAL PETROLEUM REFINERY ............ 41
Chapter 7. RECONFIGURED REFINERY .................... 4 6
7.1 Methyl Tertiary Butyl Ether (MTBE) ..........  46




7.3 Catalytic Reforming ..........................  51
7.4 Hydrogen Production Plant ....................  54
7.5 Polymerization................................... 54
7.6 Alkylation........................................55
7.7 Catalytic Cracking (FCC) ...................... 55
7.8 Hydrocracking..........................  57
7.9 Virgin Naphtha End P o i n t ........................ 57
7.10 Properties of Gasoline and Its Components . . 58
7.11 Integrated Refinery Mass Balance .............  61
Chapter 8. COST E S T I M A T I O N ............................... 69
8.1 Capital Investment ............................  69
8.1.1 Refining Process Plants ...............  70
8.1.2 Cooling Water System.. .................  71
8.1.3 Steam S y s t e m .............................71
8.1.4 Storage T a n k s .............................72
8.1.5 O f f s i t e s ................................. 72
8.1.6 Other C o s t s ............................... 73
8.1.7 Contingency............................... 73
8.1.8 L a n d ......................................73
8.1.9 Working C a pital.......................... 74
8.2 Operating C o s t s ................................. 74
8.2.1 Utilities and Chemicals..................74
8.2.2 Maintenance............................... 75
8.2.3 L a b o r ......................................77
8.2.4 Enlargement, Improvement,
and O b s o l e s c e n c e .........................78
8.2.5 Insurance and Property Taxes .......... 78
8.2.6 Royalties or Research.................... 79
8.2.7 Interests.....................  79
8.2.8 Miscellaneous.............................80
8.3 Cost Indices..............................   80
8.4 Results and Discussion.......................... 81
Chapter 9. SENSITIVITY ANALYSIS ........................ 92
9.1 Investment, Operating Costs and Gross Margin . 92
9.2 Refinery Size and Capacity Utilization . . . .  96
9.3 Effect of Location............................... 99




REFERENCES CITED ...................................  109
APPENDIXES
A. DETAILED MATERIAL BALANCE CALCULATIONS
FOR THE CONVENTIONAL REFINERY................. 116
B. DETAILED MATERIAL BALANCE CALCULATIONS
FOR THE RECONFIGURED REFINERY............... 13 3
C. DETAILED COST ESTIMATION RESULTS FOR
THE CONVENTIONAL REFINERY .................... 150
D. DETAILED COST ESTIMATION RESULTS FOR
















Forecast of U.S. Refinery Utilization at 
Constant 1990 Capacity and Product Imports
Quality Distribution of Venezuelan Crude Oil 
Production, by API Gravity ..................
Distribution of Sulfur and Nitrogen in 
Barinas-Venezuela Crude Oil ..................
Trends in Quality of Crude Oils Refined in 
the United States .............................
Historic and Expected Distribution of U.S. 
Demand for Refined Petroleum Products . . . .
Historic Relationship Between Average U.S. 
Refiner Acquisition Cost and Landed Cost 
of Imported Venezuelan Crudes ...............
Relationship Between API Gravity and Price 
of Venezuelan Crude Oils ....................
Ratio Between U.S. Wholesale Product Prices 
and Average Refiner Crude Acquisition Cost
Schematic Conventional Refinery Flow Diagram
Simplified Scheme of MTBE Production Section 
of Reconfigured Refinery ....................
Approximate Relationship Between Aromatics, 
Benzene, and Octane Number in Typical 
Reformate .....................................
Operating Costs of Average U.S. Gulf Coast 
Refineries ...................................
Relationship Between Refinery Operating Cost 




8.3 Rate of Return and Refinery Margin for the
Reconfigured Refinery as a Function of Price 
Differential Between Reformulated and 
Conventional Gasolines ........................  90
9.1 Sensitivity Analysis to Changes in Capital
Investments Costs ............................... 93
9.2 Sensitivity Analysis to Changes in Operating 
C o s t s ...............................................94
9.3 Sensitivity Analysis to Changes in Gross
M a r g i n .............................................95
9.4 Investment and Operating Costs per Unit
Capacity as a Function of Refinery Size . . . .  97
9.5 Rate of Return and Refinery Margin as a
Function of Refinery S i z e .........................98
9.6 Effect of Level of Capacity Utilization on
















U.S. Petroleum Refining Capacity .........
Gasoline Quality Parameters Potentially 
Affected by Reformulation ..................
Probable Quality of Reformulated Gasolines
General Characteristics of the Base Crude 
Barinas-Venezuela ..........................
Summary of Base Case Product Quality 
Requirements ...............................
Petroleum Industry Estimates for Required 
Reformulated Gasoline Price Increase . . .
Summary of Assumed Crude and Product 
Price Structure .............................
Comparative Process Capacity and Product 
Yield for Base Case Conventional Refinery 
and Average U.S. Refineries ...............
Typical Properties of Gasoline Components: 
Assumed Values For Gasoline Blending . . .
Average Composition and Properties of U.S. 
Unleaded Gasoline Pool ....................
Sequential Actions and Approximate 
Intermediate Results During the Process 
of Refinery Reconfiguration ...............
Summary of Most Important Changes in 
Refinery Reconfiguration to Produce 
Reformulated Gasoline ......................
Size of Process Units in the Conventional 




7.6 Yield of Refined Products in the Conventional
and the Reconfigured Petroleum Refineries . . .  66
7.7 Composition of Gasoline Pools ..................  67
8.1 Comparison of Capital Investment in Process 
Plants: Conventional vs Reconfigured
R e f i n e r i e s ........................................ 83
8.2 Comparative Total Capital Investments:
Conventional vs Reconfigured Refineries . . . .  84
8.3 Comparative Economics of Conventional vs 
Reconfigured Refineries: Operating Costs
and Refinery M a r g i n ............................... 85
9.1 Comparative Economics of Conventional vs





AGO Atmospheric gas oil
ALKY Alkylation
API API gravity, or American Petroleum Institute
ARM Aromatics
ATM DIST Atmospheric distillation
bbl Barrel (42 U.S. gallons)
BON Blending octane number (R+M/2)
bpcd Barrels per calendar day
bpd Barrels per day
bpsd Barrels per stream day
BZNE Benzene
C5+ Hydrocarbon with more than 5 carbon atoms
CAA Clean Air Act (U.S.)





C# Hydrocarbon with # carbon atoms (#=1,2,3,..)
DCGO Gas oil from delayed coker
DCJET Jet-fuel cut from hydrocracker
DCN Naphtha from delayed coker
EIA Energy Information Agency
EPA Environmental Protection Agency (U.S.)
FCC Fluid catalytic cracker
FCCN Naphtha from FCC
gal gallon (3.784 It)
GAS Light gases, C2-
H2 Hydrogen
HCGO Heavy catalytic cyclic gas oil from FCC
HDS Hydrodesulfurization
HDT Hydrotreater
HHCN Heavy hydrocracker naphtha
HSFO High sulfur fuel oil
HSRN Heavy straight run naphtha
HVGO Heavy vacuum gas oil




LCGO Light catalytic cycle gas oil from FCC
xii
T-4202
LHV Low heating value
LHCN Light hydrocracker naphtha
LPG Liquid petroleum gas
LSRN Light straight run naphtha
LT Long or metric ton (22 00 pounds)
LVGO Light vacuum gas oil
M Refers to thousands
Mbpd, Thousand barrels per day
MeOH Methanol
MM Refers to millions
MMbpd Million barrels per day
MON Motor octane number
MTBE Methyl Tertiary Butyl Ether
N Nitrogen
NGL Natural gas liquids
NOx Nitrogen oxides
n- Refers to normal-, linear hydrocarbon
n-C4 Normal butane
OGJ Oil and Gas Journal
OLEF Olefins, C3= and C4=
PADD Petroleum administration for defense district
PDVSA Petroleos de Venezuela, S.A.
POLY Polymerization
POM Polycyclic organic matter
ppm Parts per million
RCFG Reconfigured refinery
RFG Reformulated gasoline
RON Research octane number
RON Rate of return
RVP Reid vapor pressure (volatility)
R+M/2 Average (RON+MON)/2
S Sulfur
scf Standard cubic feet (60 F, 1 atm)
scfb Standard cubic feet per barrel
ST Short ton (2 000 pounds)
STBL Stabilizer
T90 Temperature at which 90 % is distilled
TAME Tertiary Amyl Methyl Ether
USGC U.S. gulf coast
VAC DIST Vacuum distillation
VGO Vacuum gas oil








I wish to express my appreciation to my advisor 
Dr. Roderick Eggert and members of the thesis committee 
Dr. Carol Dahl and Dr. Wade Martin.
I am grateful to numerous faculty members and fellow 
graduate students from the department of Mineral Economics 
and the department of Chemical and Petroleum-Refining 
Engineering for their words of encouragement.
The support from INTEVEP S.A., the Research and 






Recent investment plans by the Venezuelan state oil 
company PDVSA (Petroleos de Venezuela, S.A.) call for the 
construction of new national export refining capacity. The 
objective is to maintain a high level of vertical 
integration after petroleum production potential is 
increased from a current 2.7 million barrels per day (MMbpd) 
to about 4 MMbpd by the end of the century.
Historically, the United States has been the major 
market for Venezuelan crude and products, consuming between 
50% to 60% of exports in recent years. Opportunities for 
foreign export refineries are promising, as U.S. consumption 
of refined petroleum products is expected to increase while 
its refining capacity remains relatively stable.
Nevertheless, refiners need to consider the recently 
approved U.S. 1990 Clean Air Act Amendments (CAAA). This 
new legislation establishes stricter emission standards from 
mobile sources and has provoked reconsideration of the type 
of fuels that automobiles will have to use to achieve 
lowered emission levels of carbon monoxide, nitrogen oxides, 
hydrocarbons, particulates, and other toxic and ozone-
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forming chemicals.
One promising alternative is the use of specially 
reformulated gasoline which would reduce emissions from both 
evaporation and combustion. Reformulated gasolines can be 
used in existing vehicles and are made from the same or 
similar conventional components in petroleum refineries 
(including oxygenates), although with a substantially 
different formulation.
The production of such clean gasolines will demand 
significant modifications in the configuration of 
refineries. New process units and changes in the mode of 
operation and product yields of existing processes will be 
needed. These changes would affect existing as well as new 
refineries. Higher investment and operating costs are 
expected along with the increased complexity of the 
operations. The demand for reformulated gasolines affects 
U.S. refiners as well as foreign refiners who intend to 
place their products in the U.S. market.
This study identifies the most likely requirements for 
reformulated gasolines and needed changes in refinery 
configuration, in order to estimate the relative impact that 
gasoline reformulation will have on investment and operating 
costs as compared to the production of conventional 
gasolines. This is done from the perspective of a new
T-4202 3




STATEMENT OF OBJECTIVES AND METHODOLOGY
The objective of this work is to estimate investment 
and operating costs, and relative economic feasibility of 
petroleum refineries dedicated to the production of 
reformulated gasolines (reconfigured refineries) as compared 
to conventional refineries.
The focus is on new petroleum refineries rather than on 
modifications of existing capacity, in particular from the 
perspective of an export Venezuelan refinery designed to 
supply the U.S. market.
In the United States the requirement of reformulated 
gasoline will most likely result in the retrofitting of 
existing refineries. Nevertheless, some refineries may not 
be able to afford the changes, or perhaps retrofitting may 
not be a practical option for smaller, less efficient, older 
refineries. New U.S. refining capacity is not likely, 
although it cannot be fully disregarded.
The methodology here includes the definition of the 
design basis, which is supported on U.S. current and 
expected demand for refined petroleum products, properties 
of Venezuelan crude oils, expected refinery size, prices,
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quality of products, and the like. A conventional refinery 
with standard configuration and containing standard refining 
processes is specified so that it meets the requirements of 
the design basis. Investment and operating costs are then 
estimated. A formula for the reformulated gasoline is 
specified based on the most current information available 
from ongoing studies by the oil and automobile industries 
and government agencies.
The reconfigured refinery is designed by progressive 
changes (starting with the configuration of the conventional 
refinery) until properties of the gasoline product meet the 
specifications set for reformulated gasoline. Changes 
required in individual refining process units are based also 
on the most recent information available in the open 
technical literature. Necessary assumptions are maintained 
as equal as possible to the conventional refinery.
Results from the two types of refineries are used to 
make a comparative analysis. The study does not target real 
cases. The objective is to seek generic comparative results 
in terms of refinery configuration, process units size, 
product yields, operating and investment costs, and 
profitability.
This study assumes that all products from a 
hypothetical new Venezuelan export refinery would be
T-4202 6
directed to the U.S. market, therefore an initial brief 




THE U.S. PETROLEUM REFINING INDUSTRY
3.1. The U.S. Market: A Target for Venezuelan Oil
The United States has been historically the most 
important market for Venezuelan crudes and refined products, 
a situation not expected to change in the future. On the 
contrary, the flow of oil is expected to increase as the 
United States becomes more dependent on foreign supplies, 
and Venezuela materializes its expansion plans in the oil 
sector (5, 71, 72).
Venezuela is one of the largest suppliers of oil (crude 
plus products) to the United States, second only to Saudi 
Arabia. In 1989, Venezuela exported a total of 98 6 thousand 
barrels per day (Mbpd) of crude and 638 Mbpd of refined 
products of which 495 Mbpd (50% of crude exports) and 
378 Mbpd (59% of product exports) went to the United States. 
Total oil production for the same year was 2 MMbpd of oil 
(including condensate and NGL) with a production potential 
of 2.7 MMbpd. Expansion plans call for a potential 
production of about 4 MMbpd by the end of the century 
(71, 88).
Other oil producing countries may also target the
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United States, the world's largest oil consumer. 
Nevertheless, Venezuela enjoys a significant competitive 
advantage because of its proximity to U.S. ports, and it 
also has an already strong U.S. presence in the refining and 
distribution/marketing sectors of the U.S. through two 
important subsidiaries, Citgo and Uno-Ven. Citgo (100% owned 
by PDVSA) is the tenth largest refining company in the 
United States with 453 Mbpd of crude refining capacity (6). 
Uno-Ven with 153 Mbpd of refining capacity is 50% owned by 
PDVSA (Unocal owns the other 50%).
3.2. U.S. Refining Capacity
U.S. refining operable capacity has declined from a
high 18.6 MMbpd in 1981 to 15.6 MMbpd in 1989 (Table 3.1).
In the same period, refinery runs went up from 12.5 to
13.7 MMbpd, to keep pace with rising demand for petroleum 
products from 16.1 to 17.2 MMbpd. As a result, capacity 
utilization has increased significantly from a low of 67.1% 
in 1981 to 87.5% in 1989 (of operable capacity). Imports of 
refined products have remained relatively stable during that 
period at about 2 MMbpd.
The drop in U.S. refining capacity during the 1980s was 
a result of: 1) The decline in demand caused by high oil 
prices brought about by the Iranian revolution and the
T-4202 9
Table 3.1 U.S. Petroleum Refining Capacity
1989 1985 1981
Refining Capacity: Operating 15011 14361 18051
Operable 15654 15659 18620
Number of Refineries: Operating 193 199 315
Operable 204 223 324
Average Refinery Size: Operating 77.8 72 . 2 57.3
Operable 76.7 70.2 57.5
Refinery Runs: Domestic Oil 7679 8884 8306
Imported Oil 6010 2958 4195
Total 13689 11842 12501
Utilization: % Operating 91.1 82.5 69.3
% Operable 87.5 75. 6 67.1
Refinery Output 15150 13750 13990
Total Consumption 17240 15730 16060
Imports: Products 2171 1866 1599
Crude 5808 3201 4396
Total 7979 5067 5995
Sources: (1) Basic Petroleum Data Book. API
(2) Annual Energy Review. EIA
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Iraq-Iran war; 2) The end in 1981 of the entitlements 
program that purposely favored small refiners by subsidizing 
their crude oil costs (82) ; and 3) The heavy investments 
required to comply with the lead phasedown in gasolines. 
After deregulation, a large number of mostly small and 
inefficient refiners were forced to close because of 
unprofitable operations. The net effect was the closure of 
122 refineries with a combined capacity of 3 MMbpd between 
1981 and 1989. During the 1980s average refinery size and 
utilization rate increased considerably.
Demand for refined petroleum products is expected to 
increase at an average of 0.8% to 0.9% annually over the 
next two decades, despite higher projected crude oil prices 
(1, 81). Assuming that product imports and refining capacity 
stay at current levels, U.S. refinery utilization should 
reach values of 95% (of operating capacity) as early as 1995 
(Figure 3.1). For all practical purposes these values would 
be the maximum sustainable rate of utilization, taking into 
account refinery maintenance turnarounds, downstream 
processing limitations, seasonal changes, and other factors. 
At that point, either more refinery capacity or higher 
product imports would be necessary. Product imports from 
foreign export refineries would become increasingly 
attractive, as long as such foreign refineries offer
T-4202 11
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Figure 3.1 Forecast of U.S. Refinery Utilization at
Constant 1990 Capacity and Product Imports
Sources: Estimates by the author from data in references
1 and 2
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products that meet U.S. specifications. Some experts have 
projected that U.S. imports of refined products will surge 
nearly 2 MMbpd to around 3.8 MMbpd by the year 2010 (73).
3.3. Prospects for New Capacity
The general consensus is that it is unlikely that new 
grass-roots U.S. refining capacity will be built in the 
foreseeable future (22, 40, 73, 77, 90). Environmental 
considerations are the main reason. Some limited additional 
capacity may come in the form of expansions and removing 
bottle necks at existing refineries. Under some conditions 
refining capacity might even decrease. It will require 
significant capital expenditures to comply with stringent 
product specifications (gasoline, diesel) and pollutant 
restrictions at refineries. It is very likely that some 
smaller, older, less efficient refineries will be forced to 
shut down. References 75, 76, 83, and 84 review some of the 
recent and pending regulations on emissions control, 
workplace safety, and permitting requirements which 
seriously affect the U.S. refining industry (in addition to 
gasoline reformulation).
The U.S. refining industry has already shown signs of 
the situation discussed above. Chevron has indicated it may 
shut down its 3 25 Mbpd refinery at Port Arthur, Texas, to
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avoid spending millions of dollars in modifications. This 
action would be part of a broader plan in which $2 billion 
would be spent to meet environmental regulations at other 
Chevron refineries (78, 79). Chevron closed its 22 Mbpd 
refinery at Kenai, Alaska, in 1991 because of marginal 
profits and the expense of compliance with a new law 
regarding a spill preparedness program (6).
Similarly, Amoco closed its 40 Mbpd refinery at Casper, 
Wyoming, because of high environmental compliance costs. 
Enormous environment-related expenditures made imperative to 
commit their resources to other refineries with a more 
favorable economic outlook (80).
On the West Coast, a number of refining companies are 
thought to be increasingly discouraged about remaining in 
that market because of high costs of meeting tough 
California clean fuel regulations (90).
Further pressures will come from declining U.S. oil 
production. Refiners will become more dependent on foreign 
sources of oil which are generally of lower quality (9), at 
the same time that product slate continues lightening. 
Additionally, the move from using a stable local source of 
oil will add an element of uncertainty that will demand 
higher refinery flexibility. Real refining capacity might 
become significantly lower than just the nominal crude
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distillation capacity (as is usually measured), unless 
substantial modifications are made (additional conversion 
and downstream capacity).
3.4. Prospects for Refining Margin
Two different views exist on prospects for refining 
margins. One group argues that increasing demand and a 
stable U.S. refining capacity will combine to put pressure 
on higher refinery margins in the late 1990s. This situation 
would be reinforced by the increasing U.S. demand for 
unconventional clean fuels, for which not all current 
foreign export refineries are prepared. A shortage of 
refining capacity would be translated into highly profitable 
refinery margins. Building foreign export refining capacity 
dedicated to supply the U.S. market would become 
increasingly favorable as U.S. refining margins strengthen.
On the side, it may be argued that higher gasoline 
prices, increased taxes, improved fuel efficiency, and 
alternative fuels will drive down the demand for gasoline. 
This situation, combined with higher gasoline yields from 
refineries, would put pressure towards low refinery margins. 
The worst case would be if a key number of states 
voluntarily adopted the much tougher emission standards set 
in the state of California.
T-4202 15
Chapter 4
U.S. CLEAN AIR ACT AMENDMENTS (CAAA)
In 1990 the U.S. congress approved amendments to the 
Clean Air Act, which was originally enacted in 1970 and once 
amended in 1978. Broad enforcement powers were established 
within the EPA (Environmental Protection Agency). The 
discussion here will be limited to mobile sources of 
contamination, specifically to automobile fuels.
The amendments legislate fuel changes that will result 
in reduced exhaust emissions and reductions in automobile 
emissions which are not dependent on fuel combustion (54). 
Specific fuel changes include a minimum 2.0 w% oxygen 
(2.7 w% in CO non-attainment areas during the winter 
months), a maximum of 1.0 v% of benzene, no heavy metals, 
and no increase in exhaust.
In addition, emission reduction standards (performance 
standards) must be met in terms of ozone-forming volatile 
organic compounds (VOC), exhaust NOx emissions, and toxic 
emissions. Toxic emissions include benzene, butadiene, 
formaldehyde, acetaldehyde, and polycyclic organic matter. 
The total of emissions from the vehicle consist of:
1) Exhaust gases (combustion), 2) Fuel evaporation,
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3) Running losses, and 4) Refueling losses.
The legislation sets a reduction in emissions of 15% 
minimum starting in 1995, and further reductions of 25% 
will be mandated in year 2000 (32, 54). Emissions reduction 
is relative to a specified 1990 baseline gasoline burned in 
representative 1990 model year vehicles. The clean air 
mandate will be achieved by a combination of fuel 
modification and engine/auto design changes.
The levels of gasoline parameters, such as aromatics, 
olefins, and distillation, will have to be controlled in 
order to meet the targeted emission reduction. Complex 
changes in gasoline composition and quality will be required 
(gasoline reformulation). Refinery reconfiguration will be 
necessary and, consequently, gasoline prices will increase.
There is not yet a definitive formula for reformulated 
gasolines. Three automakers and fourteen oil industries are 
currently working on this subject jointly with the EPA under 
the Auto-Oil Air Quality Improvement Research Program.
Table 4.1 presents the major gasoline parameters thought to 
be affected by reformulation. Legislation focuses on vehicle 
emissions and not on fuel properties (except for oxygen and 
benzene). Nevertheless, information in the technical 
literature suggests a set of probable characteristics (19- 
26, 54). Table 4.2 presents what seems to be a general
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Table 4.1 Gasoline Quality Parameters Potentially 
Affected by Reformulation
QUALITY COMMENTS
Vapor Pressure Affects emission of volatile organic 
compounds (VOC) and evaporative losses. 
VOC's are toxic and contribute to smog 
and ozone formation.
Aromatics Contribute to toxic emissions. Produces 
higher hydrocarbon exhaust emissions 
because of unfavorable in-engine 
vaporization and combustion.
Higher combustion temperatures favor 
nitrogen oxides emissions.
Benzene Toxic chemical. Carcinogenic. 
Very volatile.
Olefins The most photochemically active 
(smog-forming) of all hydrocarbons.
Heavy Components Incomplete combustion. Unfavorable 
in-engine vaporization.
Sulfur High levels increase exhaust VOC 
emissions because of poor performance 
of exhaust catalytic converter.
Oxygenates Help complete combustion by enleaning 
fuel/air mixture, thereby reduce carbon 
monoxide emissions. Potential for 
reducing nitrogen oxide emissions due 
to lower combustion temperatures. High 
octane compounds. Burn clean.
Sources: (26) Owen, K. Petroleum Review. 1990
(27) Piel W.J. Hvdroc. Process.. 1990 
(54) UOP Special Report, 1991
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RVP, psi 7 max 9 - 1 2
Aromatics, v% 25 max 30 - 45
Benzene, v% 1 max 1 - 3
Total Olefins, v% 5 max 10 - 15
Oxygen, w% 2.7 mina 0.0 - 0.3
Sulfur*5, wppm 100-400 max 200 - 400
90% Distill.c , °F 280-330 330 - 350
(a) Winter specification’
(b) Not considered for refinery
reconfiguration in this study
(c) Partially considered for refinery
reconfiguration in this study
Sources: See references cited 19 to 26 and 54
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consensus about the most likely specifications for 
reformulated gasolines. A comparison of reformulated 
gasolines with current conventional gasolines is also 
presented in Table 4.2.
Gasoline reformulation becomes particularly complex 
because some of the controlled gasoline components, such as 
aromatics, benzene, volatile butanes, and olefins are the 
ones that contribute most to high octane numbers in 
conventional gasolines.
In theory, the amendments allow the use of 
alternatives to reformulated gasolines (e.g., methanol and 
natural gas, among others). Nevertheless, reformulated 
gasoline is the only fuel that has received serious 
consideration for nationwide applications. One of the 
strongest arguments in its favor is that, unlike other 
alternatives, it would provide immediate benefits because it 
could be used in already existing vehicle fleets, including 
older models that cause the most pollution. Some studies 
indicate that about 10% of U.S. autos, so-called 
superemitters, account for about half of auto emissions 
(91). In addition, reformulated gasoline would be much more 
readily available, and existing distribution and marketing 
systems would be essentially the same.
Several refiners have already voluntarily introduced
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their versions of reformulated gasoline in certain cities 
with poor air quality. According to the oil industry the 
results are encouraging (22, 74, 86). Definitive adoption of 
reformulated gasoline as the future fuel of choice would 
come after the Auto-Oil program devises a system that make 
reformulated gasolines environmentally equal or superior to 
competing alternative fuels. Participants of the Auto-Oil 
program and the EPA seem confident of this outcome.
The amendments mandate the use of clean fuels in non­
attainment areas which account for a minimum of 2 0%-27% of 
the U.S. gasoline market (54). Logistical considerations, 
distribution inefficiencies, as well as further legislative 
actions by local governments would very likely increase the 
minimum demand for reformulated gasoline up to 50% (22). 
Demand for conventional gasoline should decrease 
progressively as reformulated gasoline gains acceptance 
outside the nonattainment areas, specially after its 
production and effectiveness are demonstrated. It is 
believed that all of U.S. gasoline will be reformulated 




This section describes the common framework and goals 
used in the design and evaluation of the conventional and 
reconfigured refineries.
5.1. Crude Oil
In the hypothetical refineries (conventional and 
reconfigured), Venezuelan Barinas crude will be designated 
for processing. This crude has an API gravity of 2 3.5 and a 
sulfur content of 1.38 w%. It is a relatively heavy crude 
although it still falls within the range of the so-called 
medium crudes (2 0-3 0 API). Most crude oils produced by 
Venezuela fall in the range of medium quality (Figure 5.1). 
The typical API gravity of Venezuelan crudes is around 25.7 
(37). Proven reserves may be heavier than current average 
production. Nevertheless, it is thought that Barinas- 
Venezuela is a reasonable choice, being not to heavy as to 
require nonstandard refining processes. Table 5.1 is a 
summary of the most important characteristics of this crude. 
Distribution of sulfur and nitrogen are shown in Figure 5.2.
In comparison, the average quality of crude oils fed to
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Figure 5.1 Quality Distribution of Venezuelan Crude Oil 
Production, by API Gravity
Source: (71) O. & G. Journal. 1991
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Dry Gas C2- 0.1
Propane C3 0.6 146.5
n-Butane iC4 0.3 119.4
i-Butane nC4 1.0 110.8
Light Naphtha C5-180 3 . 0 71. 0
Heavy Naphtha 180-380 13 . 0 55.5 0.046 1
Jet-Fuel/Kerosine 380-520 13 . 0 40.0 0.290 10
Atmospheric Gas Oil 520-650 12.0 30.0 0. 742 69
Light Vaccum Gas Oil 650-850 22 . 0 23 . 0 1.308 589
Heavy Vaccum Gas Oil 850-1050 17 . 0 13 . 0 1. 863 3364
Vaccum Residue 1050+ 18.4 -4 . 0 2.810 9340
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U.S. refineries is of about 31-3 2 API gravity, and 1.1 w% 
sulfur. Nevertheless, the trend in the last decade is 
towards lower API gravity and higher sulfur with average 
rates of -0.21 API/year and +0.021 w%S/year (9).
The petroleum refined in the U.S. West Coast or PADD 5 
(Petroleum Administration for Defense District) is of a 
quality very similar to current average Venezuelan 
production, and it also shows a declining trend in quality 
as in the rest of the U.S.. The PADD 5 produces relatively 
heavier crudes, and it also receives large amount of medium 
quality Alaskan oil (22-26 API). Figure 5.3 shows the 
average quality of crude oil fed to U.S. refineries.
5.2. Refinery Size
The size of the refinery is set at 2 00 Mbpd, in 
agreement with expansion plans announced by PDVSA regarding 
the construction of new national refinery capacity 
(5, 35, 36, 71) .
The most recent investment program of PDVSA considers 
1 million bpd in additional refining capacity by the year 
2000, consisting of 200 Mbpd of a new high conversion 
refinery in eastern Venezuela, 4 00 Mbpd added to existing 
domestic refineries, and another 400 Mbpd of new domestic 
capacity plus stakes in foreign refineries (5, 71).
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Figure 5.3 Trends in Quality of Crude Oils Refined in the 
United States
Source: (9) Swain, E.J. O. & G. Journal. 1991
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5.3. Liquid Product Distribution
The major products of the refinery are gasoline, jet- 
fuel, middle distillates (diesel and heating oil), and 
residual fuel oil. Their volumetric distribution is based on 
current and expected U.S. demand. Figure 5.4 presents 
historic data for the U.S. demand for these products from 
1970 to 1989 (2) , and forecasts for demand up to the year 
2010 (1).
Product distribution is set equal to the average for 
years 1989 and 2005 with the exception of residual fuel oil 
that is taken equal to 5 v% of the total liquid product 







Residual fuel oil is the product with the lowest value 
and it is expected to follow a declining trend in demand. On 
the other side, Venezuelan crudes are relatively heavy and 
it is of interest to convert most of the heavier fractions 
into light and more valuable products.
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Figure 5.4 Historic and Expected Distribution of U.S.
Demand for Refined Petroleum Products
Source: (1) Basic Petroleum Data Book. API
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5.4. Product Quality
The most important properties of refined petroleum 
products are taken from the books of the American Standard 
Tests and Materials, ASTM (38); in particular from the 
methods D-439 for gasolines, D-1655 for jet-fuel, D975 and 
D-976 for diesel, and D-396 for fuel oils. Not all 
properties detailed in the ASTM books are considered because 
of limitations in the correlations used in this work. Some 
exceptions and additions are explained below.
Reid Vapor Pressure (RVP) of gasoline is taken as 9 psi 
maximum as specified in the clean air act amendments for the 
year 1992, before reformulation (32). This specification is 
for summer months only but is taken constant in this work 
because is the more difficult to meet.
The gasoline product is divided into two unleaded 
grades: unleaded regular and unleaded premium. Octane levels 
are estimated to remain at 87.5 for regular and 92.0 for 
premium (31). Grade split is assumed to be 60% and 40% 
volume, respectively based on the following forecast for the 
U.S. (31), in volume percent:
1985 1990 1995 This work
Leaded Regular 35.8 0.0 0.0 0.0
Unleaded Regular 49. 0 75.0 70. 0 60. 0
Unleaded Premium 15.2 25.0 30.0 40.0
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The market share of high octane premium gasoline is 
expected to continue the increasing trend as the 
introduction of more efficient vehicles (miles/gallon) will 
demand higher octane numbers.
Diesel fuel is assumed to make 50 v% of the total 
middle distillate product with the rest being heating oil. 
Historic data for the U.S. indicate values of 40 v% to 45 v% 
during the last five years (1). Sulfur in diesel is assumed 
as 0.05 w% following the proposal of the EPA for 1994, down 
from the current average of about 0.25 w% (33, 34).
Residual product is classified as high sulfur fuel oil 
(HSFO), with more than 1 w% sulfur.
Table 5.2 presents a summary with the most important 
product quality data used to define the base case. The 
properties of reformulated gasolines were presented in 
Table 4.2.
5.5. Location
Most data available in the open literature on cost 
estimation of petroleum refineries is derived from U.S. 
statistics. Detailed data from other regions, and in 
particular from Venezuela, is scarce if not nonexistant. 
Conventional cost estimation procedures use data from a 
known region (e.g., U.S. Gulf Coast) and numerical factors
T-4202 31
Table 5.2 Summary of Base Case Product 
Quality Requirements






Gasoline 58. 0 V %
Jet-Fuel 12 . 0 v%
Diesel 12 . 5 v%
Heating Oil 12 . 5 v%
Residual 5.0 v%
Product Quality





Jet-Fuel: 37 API min, 51 API max
0.2 w% S max
Diesel: 40 Cl min
0.05 w% S
Heating Oil: 0.5 w% S
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are later applied to each cost component to correct for 
location (location factors).
Because of the nature of the data available, in this 
work the cost estimates are done for the U.S. Gulf Coast 
region (USGC). The possible effects of location (in 
Venezuela) are discussed later. Since this is a comparative 
study of conventional versus reformulated gasoline 
production, it is not expected that the effect of location 
could produce a significant change in relative results.
5.6. Feed/Product Price Structure
5.6.1. Crude Oil. A basic price structure is built by 
assuming an average price of crude oil for U.S. refiners of 
$18/bbl. All other prices are based on the historical 
relationship between other product prices and the average 
U.S. refiner crude oil acquisition cost. The $18/bbl price 
is the actual price for 1989, the most recent year with 
complete statistical data and without the disruptions of the 
invasion of Kuwait in 1990 and the Persian Gulf war in 1991.
The price of Venezuelan crude has been historically 
lower than average price of U.S. oil consumption because of 
its relatively lower quality (about 26 vs 31-32 API 
gravity). Figure 5.5 compares average U.S. refiner crude 
acquisition cost with the landed cost of imported Venezuelan
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Figure 5.5 Historic Relationship Between Average U.S.
Refiner Acquisition Cost and Landed Cost 
of Imported Venezuelan Crudes
Source: (1) Basic Petroleum Data Book. API
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crudes for the period 1981-1989 (2) . From that relationship 
the equivalent average price of Venezuelan crudes is set at 
$15.79/bbl.
The price of Venezuela-Barinas crude is further 
discounted because its quality (23.5 API) is inferior to 
typical Venezuelan production (25.7 API). The typical 
relationship between quality (API) and price for Venezuelan 
crudes is shown in Figure 5.6. The average adjustment factor 
was estimated at $0.47/bbl/API by linear regression of data 
plotted in Figure 5.6. This relationship places the 
Venezuela-Barinas crude at an equivalent price of 
$14.76/bbl.
5.6.2. Refined Products. The historical relationship 
between U.S. refined product prices (for resale) and the 
average U.S. refiners’ crude acquisition cost is shown in 
Figure 5.7 for the last decade (2). Price ratios do not stay 
exactly constant with time but they are much more stable 
than individual prices or price differences. The price 
structure used in this work for the major refinery products 
was calculated from the average of the values shown in 
Figure 5.7. It is assumed that average product/price ratios 
will remain constant in the future.
The price of diesel was further adjusted by increasing
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Figure 5.7 Ratio Between U.S. Wholesale Product Prices and 
Average Refiner Crude Acquisition Cost
Source: (2) Annual Energy Review. EIA
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it 4 cents per gallon. The future price of low sulfur diesel 
(0.05 w% S) has been estimated in the range of 2 cents to 
4 cents per gallon higher than current quality diesel, as a 
consequence of the investments necessary to bring the sulfur 
level down from its current average of 0.25 w% (5, 22, 39).
The price of reformulated gasoline is assumed to be 
8 cents per gallon higher than conventional gasolines, since 
enormous investments will have to be made in the U.S.
refining industry to comply with the 1990 Clean Air Act
Amendments. The incremental price of reformulated gasoline 
has been estimated by different industry sources in the 
range 5 cents to 32 cents per gallon (Table 5.3).
Table 5.4 is a summary of the prices to be used in the 
economic evaluation. The prices for methanol and sulfur are 
actual 1989 averages (43). Petroleum coke was valuated as
fuel and was assigned the estimated price of industrial coal
for 1989 as an approximation (44).
The base price of $18/bbl for U.S. refiners average 
crude acquisition cost (1989 $) might change in the future. 
Estimating future petroleum prices is a complex task and is 
beyond the objectives of this study. Validity of comparative 
results derived from this study is not expected to be 
significantly changed by moderate variations in crude base 
price, since exactly the same price structure was used for
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Table 5.3 Petroleum Industry Estimates for Required 
Reformulated Gasoline Price Increase
ESTIMATOR $/gal Reference
Ashland Oil 0.10 - 0.15 40, 77
Arthur D. Little 0.06 - 0.10 41
EIA (DOE) 0.05 - 0.10 42
EnSys Energy & Systems 0. 075 19
SRI International 0.09 - 0.32 70
Booner & Moore 0.02 - 0.03 
+ 0.10 of MTBE
5, 29
ARCO 0. 16 86
Wright Killen St Co. 0.06 - 0.09 89
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Table 5.4 Summary of Assumed Crude and 




Average U.S. (31-32 API) 
Average Venezuelan (25.7 API) 
Barinas-Venezuela (23.5 API)
























the two types of refineries (conventional and reconfigured). 
The only difference in price was that for reformulated and 
conventional gasolines, the effect of this price difference 




The conventional refinery is of the high-conversion 
type with standard configuration and standard refining 
processes needed to meet the objective of products and to 
keep the refinery in balance. Among the included processes 
are fluid catalytic cracking, delayed coking, alkylation, 
gasoline polymerization, gas oil hydrocracking, catalytic 
reforming, light naphtha isomerization, and middle 
distillate desulfurization. Figure 6.1 is a simplified flow 
diagram of the conventional refinery (see list of 
abbreviations). The severity of the refining processes were 
set within typical values.
The yield of main products, by-products and their 
quality were estimated by using the correlations of Gary and 
Handwerk (10). These correlations estimate typical values 
for most common refining processes, and they are sensitive 
to the feed quality of each process and to operating 
severity. The correlations were originally in the form of 
graphs but were converted into equations by using standard 
regression techniques. The values estimated with the 























































The whole set of equations were used to build a 
simplified refinery model in the form of an electronic 
spreadsheet (Lotus 1-2-3) to facilitate the calculation of 
the integrated refinery mass balance. The calculation 
procedures were basically the same as explained and 
illustrated by Gary and Handwerk (10).
Following are the most important guidelines adopted to 
accommodate the different intermediate products between the 
various process units:
- All light virgin or straight-run naphtha (LSRN) is sent 
to isomerization.
- All heavy virgin naphtha (HSRN), heavy naphtha from the 
hydrocracker (HHCN), and naphtha from delayed coker 
(DCN) are sent to the catalytic reformer.
- Light naphtha from the hydrocracker (LHCN) is sent 
directly to the gasoline pool without further 
processing.
- Maximum light and heavy vacuum gas oils (LVGO and HVGO) 
are fed to the fluid catalytic cracker (FCC).
- All coker gas oil (DCGO) is fed to the hydrocracker.
- Maximum light gas oil from catalytic cracker (LCGO) is 
sent to hydrocracker, limited by low API gravity in jet 
fuel.
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- Minimum LCGO is sent to the hydrotreater (HDT), limited 
by high sulfur content in heating oil.
- Unprocessed LCGO is sent to heating oil pool. None is 
sent to diesel pool.
- All heavy gas oil from catalytic cracker (HCGO) is sent 
to pool of high sulfur residual fuel oil (HSFO).
These same guidelines were used later for the 
reconfigured refinery which is described in the next 
chapter. Appendix A contains detailed results for each 
refining plant material balance, size of process units, 
product blending, severities, and many other intermediate 
results.
Table 6.1 presents a comparison of the resulting 
configuration of our conventional refinery and average U.S. 
refineries. As could be expected, the size of individual 
refining processes of the conventional refinery is more 
similar to refineries of the PADD 5 which process crudes of 
more similar quality. Nevertheless, our conventional 
refinery has a significantly larger conversion capacity (70% 
vs 58% of cracking processes) as a consequence of the 
relatively lighter mix of products that was specified.
More results are presented later in comparisons with 
the reconfigured refinery.
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Table 6.1 Comparative Process Capacity and Product Yield 
for Base Case Conventional Refinery and Average 
U.S. Refineries, 1989
PADD 3 PADD 5 Conventional
Total Gulf West Refinery
U.S. Coast Coast (this work)
Crude API gravity 32.14 33.43 25. 85 23.50
Processing Capacity 
as V% of Atm. Dist.:
Vaccum Distill. 45.5 45.5 52 . 0 57.1
Thermal Cracking 13.2 14.4 18.2 15.9
Cat. Cracking 34 . 2 36.8 24.5 39.5
Cat. Reforming 24 . 5 25. 5 21.3 24.6
Hydrocracking 8.1 7.5 14 . 8 14 .1
Hydrotreating 59.9 66.7 52.4 45.2
Alkylation 6.5 7.1 4.6 5.3
Isomerization 2.9 3.4 0.6 3 . 0
Hydrogen (Scfb) 164 160 352 438
Product Yield 
as V% of Crude Oil:
Gasoline/Naphtha 48.7 48. 3 44.8 54.0
Jet-Fuel/Kerosene 9.1 10. 0 13 . 0 11.2
Mid-Distillates 20.8 20.2 16.5 23 . 3
Residuals 10. 0 7.2 17.1 4.7
Refinery Gas 4.9 4.9 5.3 4.4
LPG 4 . 0 5.3 2 . 1 5.1
Coke 3.9 3.8 5.0 3.9
Others 3.4 5.2 1.2 0.4
Total 104.8 104.9 105. 0 106.9




The reconfigured refinery preserves as much as possible 
the characteristics of the conventional refinery, modified 
as needed to just meet the additional specifications set for 
reformulated gasoline properties. Refinery modifications 
come in the form of new process units (existing technology), 
changes in the mode of operation of conventional process 
units, and differences in input chemicals. All gasoline 
grades produced in the reconfigured refinery were assumed to 
be reformulated. Reformulated gasoline properties are 
assumed as presented earlier in Table 4.2.
In theory there are many possible alternatives to 
obtain the specifications in the reformulated gasoline pool. 
Many published papers deal with the technical feasibility 
and/or economic impact of different approaches (19-21, 27- 
29, 54). In this work we adopt those alternatives with the 
highest consensus among studies, introducing first those 
with apparent higher importance.
7.1. Methvl Tertiary Butyl Ether (MTBE)
The oxygen content specification mandated in the Clean
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Air Act Amendments is obtained by adding oxygenated 
compounds to gasoline. The most important sources of oxygen 
(oxygenates) are ethers (MTBE, TAME) and alcohols (methanol, 
ethanol, isopropanol). Ethers are preferred to alcohols 
because they are more effective at reducing all regulated 
emissions, and they do not present the problem of water 
fungibility typical of alcohols (27). Water fungibility 
requires gasoline handling under dry conditions.
MTBE is by far the most popular alternative for 
oxygenates because of its properties; specifically high 
octane number and relatively low volatility. Additionally, 
the EPA has stipulated that MTBE is the only oxygenated that 
causes no increase in N0X at levels higher than 2.1 w% (54). 
Oxygen content of MTBE is 18.2 w%. The level required to 
obtain the specified 2.7 w% oxygen in the reformulated 
gasoline pool is in the order of 15 v% MTBE.
Today many refineries import MTBE for blending into the 
gasoline, mainly as an octane enhancer in much less amounts 
than required in reformulated gasolines. Nevertheless, the 
demand for MTBE is expected to increase significantly after 
reformulated gasolines enter the market, creating a 
potential shortage.
It has been estimated that demand for MTBE in the 
United States will reach 550 Mbpd in 1995. Production
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capacity for the same year is projected at 400 Mbpd in the 
U.S. (currently at 125 Mbpd), and 290 Mbpd outside the U.S. 
(87). Further pressure on demand for MTBE will come from the 
movement towards lead-free gasoline throughout the world. 
MTBE is also used as an octane booster to help compensate 
for the loss of lead (worldwide), in addition to being a 
source of oxygen.
In this study, the reconfigured refinery is assumed to 
be self-sufficient in MTBE. All required MTBE is produced 
on-site from refinery-produced isobutylenes and imported 
methanol. Methanol is normally produced in relatively large 
plants outside petroleum refineries, and it is economically 
produced in countries with available sources of natural gas 
such as Venezuela.
In the refinery the MTBE unit is placed upstream the 
alkylation unit (69). MTBE is produced by equimolar reaction 
of methanol with the isobutylene (i-C4=) present in the 
refinery olefinic C4 hydrocarbon streams. Most of the 
isobutylene in a conventional refinery comes from the 
catalytic cracker (FCC). Typically, 30% to 35% of the C4 
olefins coming from the FCC is isobutylene (21). Between 95% 
and 98% of the isobutylene reacts to produce MTBE (13). In 
the reconfigured refinery additional quantities of 
isobutylene from other sources are necessary in order to be
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fully self-sufficient in MTBE.
7.2. Butane Isomerization/Dehvdrocrenation
The requirements of isobutylene are expected to be 
higher than its normal availability in conventional 
petroleum refineries. Therefore, the reconfigured refinery 
includes the production of isobutylene via catalytic 
dehydrogenation of isobutane, which in turns is produced by 
catalytic isomerization of normal-butane (n-butane). The 
isobutylene from the FCC alone would only produce about 2 0% 
of the total MTBE required.
Sufficient n-butane isomerization capacity is also 
provided to supply all requirements of the alkylation plant, 
so that all olefins not converted to MTBE can be converted 
into alkylate.
N-butane is imported to the refinery as needed. N- 
butane is available in important amounts from natural gas 
liquids (NGL). In addition, Butanes are expected to become 
more available from the same petroleum refineries because of 
the lower volatility limits imposed on gasolines. Butanes 
are highly volatile gasoline components and they are the 
first to be backed out of gasoline pool to meet lower 
volatility specifications.
Figure 7.1 presents a simplified scheme of the section
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Figure 7.1 Simplified Scheme of MTBE Production Section 
of Reconfigured Refinery
Source: Assembled by the author
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added to the refinery that includes MTBE production, 
isobutane dehydrogenation to isobutylene, and n-butane 
isomerization. This arrangement of processes can be 
considered relatively standard to increase MTBE production 
in petroleum refineries (49, 50). Yield of products and 
input requirements for each process were obtained from 
references 13, 46, 47, and 48.
7.3. Catalytic Reforming
Historically, the catalytic reformer has been one of 
the most important contributor in volume and quality 
(octane) to gasoline. With the introduction of reformulated 
gasolines it is apparent that its contribution will decrease 
due to the high content of aromatics and benzene in 
reformates.
The most simple possible changes in catalytic reforming 
are the reduction of throughput and/or the reduction in 
severity. In this study the severity of the catalytic 
reformer is reduced. It is judged that the processing of the 
entire heavy straight run naphtha (HSRN) and the heavy 
hydrocrackate naphtha (HHCN) is important since these 
fractions (main reformer feedstock) have the lowest octane 
number of all possible gasoline components (60.5 and 67.5 
R+M/2, respectively). Even at low severity reforming of HSRN
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and HHCN has a great impact in the gasoline pool quality.
It is possible that cost optimization may indicate that 
the best alternative to reduce aromatics and benzene is to 
build a smaller catalytic reformer working at normal 
severity (high) and partial by-passing of the HSRN and HHCN. 
Nevertheless, full catalytic reforming capacity adds 
operating flexibility which may be of value if market 
conditions change in the future. In any case the adopted 
approach should produce conservative results.
The relationship between catalytic reformer severity 
and the content of aromatics and benzene of the reformate is 
not simple, and detailed information on this subject is not 
available in the open literature. For this study simple 
correlations were developed based on typical properties of 
virgin naphthas and reformates (13, 51, 52, 53).
Figure 7.2 presents a correlation between the content 
of total aromatics as a function of reformate's RON. Data on 
the content of benzene are more scarce. As an approximation, 
the percentage of benzene in the aromatic fraction was 
represented as a linear function using the typical data 
shown below (see lower right corner in Figure 7.2):
%Aromatics %Benzene/Arm
range typical range typical
Virgin Naphtha 5-20 12 0.5-2 1.3




Arm(%) * -86 .9  + 1.54*RON 
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Figure 7.2 Approximate Relationship Between Aromatics,
Benzene, and Octane Number in Typical Reformate
Sources: Estimated by the author from data in references
13, 51, 52, and 53
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As severity of the catalytic reformer increases, the 
aromatic fraction increases, and the benzene becomes more 
concentrated within the aromatic fraction.
7.4. Hydrogen Production Plant
Along with the decrease in severity in the catalytic 
reformer the production of hydrogen is diminished as well. 
The catalytic reformer is the main source of hydrogen in the 
refinery, therefore a significantly larger hydrogen 
production plant would be necessary in the reconfigured 
refinery. The hydrogen plant would supply the loss from the 
reformer and the expected increase in demand from the 
hydrocracker as explained below.
7.5. Polymerization
This process is not included in the reconfigured 
refinery. The product of polymerization is essentially a mix 
of branched C6-C9 olefins, and olefins are now undesirable.
The feed to polymerization, C3 and C4 olefins, are 
preferentially processed in the alkylation unit to produce 
gasoline components of higher octane numbers. Nevertheless, 
alkylation capacity in conventional refineries is normally 
limited by the availability of isobutane (a needed 
reactant). Polymerization units find their application in
T-4202 55
the conversion of excess C3 and C4 olefins into relatively 
high octane components (90 R+M/2).
In the reconfigured refinery, a butane isomerization 
plant is included to supply all needs of isobutane so that 
all C3 and C4 olefins can be fully converted into alkylate, 
except for the isobutylene that is used to produce MTBE.
7.6. Alkylation
The product of alkylation (alkylate) is a highly 
desirable component of reformulated gasolines because is 
free of aromatics and benzene, has low volatility, and has a 
very high octane number.
Additional alkylation capacity is necessary to handle 
the olefins that were previously polymerized. Also, 
additional C3 and C4 olefins will become available from 
changes in the mode of operation of the catalytic cracker.
By placing a MTBE unit upstream the alkylation plant, 
as in the reconfigured refinery, it is possible to obtain an 
alkylate of higher octane number than usual (69). 
Nevertheless, this effect is not considered in this study.
7.7. Catalytic Cracking (FCC)
The FCC unit competes with the catalytic reformer as 
the largest volume producer of gasoline in conventional
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refineries and can be considered the heart of a petroleum 
refinery. The problem is that FCC gasoline has a relatively 
high content of aromatics and olefins; in the range of 20% 
to 35% and 15% to 35%, respectively (20, 21). Nevertheless, 
this process continues to play a very important role in the 
reconfigured refinery, with its role shifting towards the 
supply of feedstock (C3 and C4 olefins) for the plants of 
MTBE and alkylation which produce more desirable 
reformulated gasoline components.
In order to reduce the amounts of olefins and aromatics 
added to the gasoline pool by the FCC gasoline, the 
catalytic cracker is designed to operate at higher severity, 
in the so-called overcrack or LPG mode. Less FCC gasoline is 
produced but more olefins are available for alkylation and 
MTBE production. The severity of the FCC was increased from 
70% to 8 6% conversion. The correlations of Gary and Handwerk 
(2) were corrected so that they could account for the 
relative change in the operating mode from gasoline to LPG 
as reported by Meyer (40).
After these changes (overcracking) the olefin content 
in the gasoline pool was still over the 5% limit set by 
reformulation, therefore some of the vacuum gas oil fed to 
the FCC had to be diverted to the hydrocracker to further 
reduce the volume of FCC gasoline.
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7.8. Hvdrocrackinq
Additional hydrocracking capacity is necessary in order 
to accommodate the vacuum gas oil that is diverted from the 
catalytic cracker. The severity of the operation may 
decrease because of the improvement in the quality of the 
feed. Virgin vacuum gas oil is of much better quality than 
the cracked LCGO from the FCC and the heavy coker gas oil 
that make the rest of the feed. Demand of hydrogen should 
increase due to the larger volume processed in this unit.
7.9. Virgin Naphtha End Point
In the reconfigured refinery, the cut point between 
heavy naphtha (HSRN) and jet fuel was reduced by 2 0°F, from 
380°F to 360°F. The cut point between jet fuel and 
atmospheric gas oil was reduced accordingly from 520°F to 
500°F so that the yield of straight-run jet fuel remained 
constant in both refineries. The net effect is to reduce the 
ratio of virgin naphtha to distillates, which in turns helps 
to balance the excess production of gasoline boiling range 
products resulting from the addition of about 15 v% of MTBE 
to the reformulated gasoline pool, and from the increased 
yield of reformate at lower severity.
The 90% distillation temperature in gasoline (T90), 
which is directly related to the cut-point, may become a
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target of gasoline reformulation as well. First results of 
the Auto-Oil research program have shown that high T90 
increases the exhaust VOC (54). The change in end cut-point 
of the HSRN explained before is a movement towards the 
reduction of T90. Nevertheless, we did not set a 
quantitative target on the whole gasoline pool because of 
lack of sufficient data. The change in cut-point from 380°F 
to 3 60°F can be considered moderated. It is possible that 
T90 of the whole reformulated gasoline may be reduced by 
10°F to 50°F (21, 54).
7.10. Properties of Gasoline and Its Components
The properties of gasoline components may change 
depending on the characteristics of the crude oil and mainly 
on the severity and operating conditions of the different 
refining processes. Some of the typical values and range of 
values for aromatics and olefins have been mentioned in 
previous sections. For the purpose of this study we assumed 
the values shown in Table 7.1. These values are average or 
mid-range values for typical gasoline components, slightly 
adjusted as to reproduce the actual characteristics of U.S. 
average gasoline (see Table 7.2). The typical properties of 
light naphtha isomerate were taken from reference 20. The 
properties of light hydrocrackate were assumed to be the
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Table 7.1 Typical Properties of Gasoline Components: 









Isomerate 2 .8 0 0 0
Reformate (99 RON) 65 4 . 5 1 0
FCC Gasoline 30 0.8 20 0
Light Hydrocrackate 2 . 8 0 0 0
Alkylate 0 0 0 0
Polymer 0 0 100 0
N-Butane 0 0 0 0
MTBE 0 0 0 18.2
Source: Author estimates
Averages and mid-range values from references 
in chapter 7
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(a) Using data in Table 7.1
Sources: See references cited 21, 54, 55, and 56
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same as the isomerate.
The typical properties in Table 7.1 were assumed the 
same for both refineries, with the exception of reformate 
which changed as a function of RON. This approach is a 
simplification since the refiner through changes in 
catalysts, operating conditions, cut-point of feed and 
products, and other means may in theory affect the 
properties of each component to partially reduce aromatics, 
benzene, and olefins. This is particularly true for the 
reformer and the FCC (20, 21). In this study such level of 
detail was not considered because it would require a much 
larger amount of data not available in the open literature.
Table 7.3 shows approximately, in a sequential form, 
how the target specification for reformulated gasoline was 
accomplished by applying the changes in refinery 
configuration and operating modes discussed previously.
7.11. Integrated Refinery Material Balance
The same procedure and correlations used previously for 
the conventional refinery were used to calculate the 
integrated mass balance for the reconfigured refinery. The 
exceptions were the correlations for the FCC that were 
modified to include the LPG or overcrack mode of operation, 
and the mass balance of the new section added to the
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Table 7.3 Sequential Actions and Approximate Intermediate 





















36.1 2 . 0 9.9 0.0 89 . 2 57
MTBE added 
to get oxygen 
specification
30.8 1.7 8.4 2.7 92.4 61
HSRN end cut 
point down from 
380 to 360 F
30.1 1.7 8.7 2.7 92.2 59
Reformer severity 
down from 99 
to 87 RON
24 . 9 1.0 8.4 2.7 89.2 60
No polymer,
C3 olefins to 
alkylation
24.7 1.0 6.4 2.7 89.1 60
FCC conversion up 
from 70% to 86% 
and LPG mode




23.9 1.0 5.0 2.7 89. 3 58
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refinery (shown in Figure 7.1) for which data in references 
13, 46, 47, and 48 were used. Detailed results of the 
calculations are shown in Appendix B.
Table 7.4 shows the major changes involved in refinery 
reconfiguration to obtain the specifications for 
reformulated gasolines. Tables 7.5 and 7.6 present the 
resulting size of each process unit and yield of refined 
products as compared to the conventional refinery. A 
comparison of the gasoline pool composition is presented in 
Table 7.7. These tables show changes as expected, in a 
quantitative form.
Within the limitations of this study, the results 
indicate that although refinery configuration is different, 
reformulated gasolines can be produced by using proven and 
relatively conventional refinery process technology.
It is interesting to note from Table 7.6 that the 
reconfigured refinery produces a significantly larger volume 
of liquid products from the same volume of crude oil. This 
is a consequence of the imports of methanol and n-butane 
that are used to produce MTBE and the higher imports of 
natural gas used to produce hydrogen. This result is 
advantageous for cases like Venezuela's since a larger 
amount of resources are made exportable by their conversion 
into liquid products which are easy to transport. Some
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Table 7.4 Summary of Most Important Changes in Refinery








Large 17.9 Mbpd production complex 
including butane isomerization (18.9 Mbpd) 
and deshydrogenation (13.8 Mbpd).
Severity reduced by 12 RON (87 vs 99) to 
reduce aromatics and benzene production. 
Hydrogen production reduced by 88%.
Much larger plant (71 vs 6 Mscfd) to meet 
higher demand and lost of reformer 
production.
Overcracking mode for higher yield of C3/C4 
olefins. Conversion up from 70% to 86%. 
Feedstock reduced by 23% to reduce 
contribution of FCC gasoline to olefins 
in reformulated gasoline pool.
Capacity increased by 58% to process 
C3 olefins (previously polymerized) and to 
process additional C3/C4 olefins from FCC 
overcracking.
No capacity provided to help reduce 
olefins in gasoline. Feed is deviated to 
alkylation.
Larger unit (by 40%) to accommodate feed 
deviated from cat. cracker.
COKER Higher conversion in FCC and hydrocracking 
requires less coking capacity (12% less) 
for the same refinery product slate.
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Table 7.5 Size of Process Units in the Conventional and 











Atm. Distillation 200. 0 100. 0 200. 0 100. 0
Vac. Distillation 114.1 57 .1 114 .1 57.1
LSRN Isomerization 6.0 3 . 0 6.0 3 . 0
Catalytic Reformer 46.2 23 . 1 49.1 24.6
Mid. Distill. HDS 38 . 4 19 . 2 41.2 20.6
Catalytic Cracking 60. 0 30.0 78 . 0 39. 0
Hydrocracking 39.4 19.7 28.2 14.1
Delayed Coking 27.9 13 .9 31.6 15.8
Alkylation 16.8 8.4 10. 6 5.3
Polymerization - - 2 . 3 1.2
MTBE 17.8 8.9 - -
i-C4 Deshydrog. 13 .8 6.9 - -
C4 Isomerization 18.9 9.4 - -
Gas Plant, Mscfd-scfb 85. 9 430 76.8 384
H2 Plant, Mscfd-scfb 71.3 356 6.4 32
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Table 7.6 Yield of Refined Products in the Conventional and 










Crude Oil 2 00.0





































Reformate (a) 35.3 36.8
FCC Gasoline 23.2 35.3
Light Hydrocrk 4.7 4 .1
Alkylate 14.4 9.8
Polymer 0.0 2 .1
MTBE 15. 3 0.0
N-Butane 2 . 0 6.4
COMPOSITION:
Aromatics, v% 23.9 34.9
Benzene, v% 1.0 2 . 0
Olefins, v% 5.0 9.6
Oxygen, w% 0.0 2.7
RVP 7 9
(a) 87 RON for reformulated 
99 RON for conventional
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quantities of natural gas may find their way to overseas 
markets by conversion first into methanol and hydrogen and 




Following are the procedures used in estimating 
investment and operating costs for the conventional and 
reconfigured refineries. Major sources of cost data for 
petroleum refining were from Nelson (7) , Gary and Handwerk
(10), various issues of the Oil & Gas Journal, and other 
sources indicated below.
The level of detail of the estimates is believed to 
fall in the range preliminary, study, or predesign type of 
cost estimate. Probable accuracy of this type of estimates 
is in the order of + 30% (11). Detailed cost estimation 
results are included in Appendixes C and D.
8.1. Capital Investments
Capital investments represent all capital necessary for 
the installed process plants, eguipments and all auxiliary 
installations needed for full operation of the refinery, 
including cooling water systems, steam systems, storage 
facilities, electric power distribution, water supply, and 
disposal. The estimates are made for grass-roots refineries 
erected in a new site.
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8.1.1. Refining Process Plants. Investment costs in 
refining process plants were estimated using the cost curves 
published by Gary and Handwerk (10). The authors provide a 
consistent set of cost curves that relate capital investment 
to capacity for the most common petroleum refining 
processes. Cost curves can be represented by power law 
models of the form:
Cost = (Base Capacity Cost) x (Capacity/Base Capacity)11
where the power n (scaling exponent) is a number smaller 
than 1, usually in the range of 0.5 to 0.8, reflecting the 
effect of economies of scale.
The graphs published by Gary and Handwerk (10) were 
converted into eguations by using standard regression 
techniques, fitting the data to power law models. The 
scaling exponents fell within the range 0.44 and 0.92 for 
the various process plants.
All original investment cost data were on a common 
basis, 1982 U.S. Gulf Coast. To be consistent and to avoid 
confusion, the rest of the basic raw cost data collected 
were also converted to the same 1982 base using the 
appropriate cost indices.
Investment cost data for the plants of MTBE, i-C4 
dehydrogenation, and n-C4 isomerization are from references
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13, 46, 47, 48, and 55. The scaling exponents of the power 
law models for these three plants were assumed as 2/3.
The capacity of each process plant (Table 7.5) in 
barrels per calendar day was divided by the expected on- 
stream factor (96%-98%) to obtain the required capacity per 
stream day. The latter was used with the cost models. The 
on-stream factors account for the loss of capacity caused by 
scheduled maintenance turnarounds.
The cost of the initial batches of catalysts were not 
included in the original curves and were estimated 
separately (10) .
Engineering costs and contractor fees are included in 
the various individual plant investment costs. Cost of 
utilities, storage, offsites, and other items are not 
included and must be added separately.
8.1.2. Cooling Water System. For preliminary estimates 
an investment cost of $7 5 per gpm of total water circulation 
is recommended. A contingency factor of 15% is suggested for 
cooling water circulation requirements (10) . Water treatment 
equipment is included.
8.1.3. Steam System. An investment of $50 per lb/hr of 
total steam generation capacity is used for preliminary 
estimates. Allowance for radiation and line losses must be
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made. A contingency of 25% is suggested for total steam 
requirements (10).
8.1.4. Storage Tanks. Storage facilities represent a 
significant investment cost. The amount of storage required 
is usually based on shutdown of processing units for 
turnaround and on intermediate storage of unfinished 
products before blending. Typical total refinery storage 
capacity amounts to about 50 to 70 barrels per bpd of 
refinery capacity (10, 57). The current U.S. average is 50 
bbl/bpd: 1/3 for crudes and 2/3 for products (45).
Installed costs for tanks vary from $25 to $35 per 
barrel of storage capacity. For high vapor pressure products 
the cost is higher (spheroids), in the range of $50 to $75 
for butane, and $60 to $90 for propane (10).
8.1.5. Offsites. Offsites are the facilities required 
by the refinery excluding processing units, cooling water 
system, steam system, and storage. Typical investment can be 
estimated as a 15% of the four major facilities just 
mentioned. Offsites include electric power distribution, 
fuel systems, water supply and disposal, plant air systems, 
fire protection, flare, communication systems, roads and 
walks, railroads, fences, buildings, vehicles, and blending 
systems (10).
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8.1.6. Other Costs. Other costs include spare parts,
inspection, project management, miscellaneous supplies,
office and laboratory furniture, etc.. For preliminary 
estimates these costs can be calculated at 3% of the cost of 
processing units, cooling water systems, steam systems, and 
storage (10).
8.1.7. Contingency. Contingency factors ranging from
5% to 15% of the total cost are commonly used for chemical
plants, with 8% being considered a fair average value (11). 
Gary and Handwerk (10) suggest using 15%. Contingencies is 
to account for unintentional omissions and uncertainties.
8.1.8. Land. Land requirements are a function of the 
refinery size and complexity, storage facilities, and safety 
needs. The land in use by refineries typically ranges from 1 
to 6 acres per thousand bpd of refinery capacity. For 
planning purposes, 5 acres/Mbpd is suggested (10).
Typically, of the total acreage, 10% to 20% is used for the 
process units, 20% to 35% for tankage, and 10% for 
expansion. The remaining area is for purposes such as land 
farming of wastewater treatment sludge, buffer areas between 
process units, and plant boundaries and surrounding green 
areas (83).
The cost of land depends heavily on the location of the
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property. As a rough average, land cost for industrial 
plants amounts to from 4% to 8% of the purchased equipment 
cost, or 1% to 2% of the total capital investment (11).
8.1.9. Working Capital. Working capital is the total 
amount of money invested in raw materials and supplies, 
products in stocks, accounts receivable and payable, and 
cash for wages, purchases, spare parts, etc. A reasonable 
figure is the sum of the costs of the above items for one 
month. If not enough data is available, initial working 
capital can be estimated as 10% to 20% of total capital 
investment (10, 11).
8.2. Operating Costs
Operating costs are all those expenses associated with 
the operation of the refinery, including all utilities 
(fuel, electricity, water), chemical supplies, catalysts, 
labor, maintenance, and royalties, among others.
8.2.1. Utilities and Chemicals. Consumption of 
utilities and chemicals varies considerably from process to 
process. Cost of utilities and chemicals are estimated from 
the individual consumption of each plant. Typical 
requirements of power, steam, cooling water, process water, 
and fuel per unit capacity were obtained from data in
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reference 10, with the exception of the plants of MTBE, i- 
C4=, and i-C4, obtained from references 13, 46, 47, and 48. 
The requirements of fuel include heater efficiencies and are 
for low heating value (LHV) of fuels.
The prices for utilities were estimated for the year 
1989, consistent with the year used for the crude/products 
price structure. Estimated prices were $14.16/bbl for liquid 
refinery fuel (17, 61), $0.05/KWh for electric power 
(44, 62, 63), and $0.10/Mgal for water make-up (7, 64).
Catalysts and chemical costs for processing plants were 
calculated from data in reference 7. Expenses for general 
chemicals such as additives for gasoline and distillates 
(jet fuel, kerosine, diesel), and general treating chemicals 
(sulfuric acid, caustic, etc.) were estimated from data in 
reference 58.
8.2.2. Maintenance. Total maintenance costs include 
maintenance labor and materials. The annual cost can be 
estimated as a percentage of the total refinery cost. It 
ranges between 1.5% to 3.5%, being a strong function of the 
complexity of the refinery. The following equation was 
derived from reference 14 for a U.S. average refinery 
capacity:
Percent = 1 + 0.149 x Complexity
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The complexity of the refinery is a concept developed 
by Nelson (85). It is calculated as the sum of the capacity 
of each plant times an individual factor per plant and all 
divided by the capacity of atmospheric distillation. The 
resulting complexity should be similar to the ratio of cost 
of the whole refinery to the cost of a refinery that only 
does atmospheric distillation. Individual factors per plant 
were obtained from reference 85.
Maintenance costs are also a function of the refinery 
capacity, although it is a much weaker function. Cost per 
barrel tend to decrease with total refinery capacity up to 
150 Mbpd. Beyond this capacity there is a tendency to 
increase again. Nelson (8) explains this behavior, that 
contradicts the concept of economy of scale, by the need of 
larger organizations, and the greater complications that 
management confronts. Very large companies use relatively 
more employees to handle a barrel of oil than small 
companies (8, 14).
Because of the weak function with refinery capacity, 
maintenance cost was made only dependent of refinery 
complexity using the simple correlation presented above.
As an alternative (not used in this study) maintenance 
of individual processing plants can be also estimated as 3% 
to 5% of the investment cost per year. The percentages
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mentioned previously are smaller (1.5%-3.5%) because are to 
be applied to the total refinery cost. Maintenance cost of 
offsites and service plants are very small compared with the 
cost for processing plants (14).
8.2.3. Labor. Cost of labor is obtained from the
number of employees and the average wage rate. The total
number of employees (M) can be estimated as a function of
the refinery complexity (C) and refinery capacity in bpd
(B), using the following correlation (15):
M = 28.5 + 27.6xC - 0.776XC2 + 0.000354xCxB
Of this number, a large portion, 30% to 70%, are 
maintenance-related workers. As the refinery grows in size 
and complexity the percentage of workers related to 
maintenance increases as well. More quantitatively, the 
maintenance workers can be estimated as 3.5 per each 10 Mbpd 
of refinery capacity and per unit of refinery complexity 
(15) .
Maintenance workers have to be subtracted from the 
total labor force to obtain operating personnel because the 
total maintenance cost estimated previously already included 
the maintenance labor component.
The average wage rate has been estimated as $40900 per 
year-worker for year 1982 in the United States (7, 60). This
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figure includes the total payroll burden.
8.2.4. Enlargement. Improvement, and Obsolescence.
These are a measure of the loss suffered by the industry due 
to the continuous advances in processing technology that 
sometimes can dictate the replacement of equipment that has 
not been completely depreciated. These investments are 
necessary if the refiner is to remain competitive. Nelson 
(7) suggests these costs be included as part of the 
operating cost to obtain more realistic estimates. A 
percentage of about 3.9% of total depreciable capital 
investment has been suggested, which can be divided into 
2.0% for enlargement, 1.8% for improvements, and 0.1% for 
obsolescence (abandonment). Only the improvement and 
obsolescence components are considered in this work.
8.2.5.- Insurance and Property Taxes. A percentage of 
2.5% of the refinery construction cost per year is suggested 
for preliminary estimations. Insurance alone is between 
0.15% to 1%. Property taxes are more a function of the 
location than the value of the investment. It can be in the 
range of 2% to 4% in highly populated areas or about 1% to 
2% in less populated areas (7, 10, 11).
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8.2.6.- Royalties or Research. Refiners pay royalties 
for some of the processes that they use. Refiners either pay 
royalties or they must maintain research staff and protect 
themselves by patents. Even if no royalties or research are 
considered for a particular plant there are consulting and 
inspection services fees. Typical annual royalty rates for 
different processes as a percentage of the investment have 
been reported by Nelson (59). When considered altogether, 
the royalty or research cost per year is expected to be in 
the order of 2% to 3% of the total capital investment (7).
Patent rights or royalties are also based on the amount 
and value of the material produced by the process. In the 
chemical manufacturing industry a rough approximation for 
this amount is between 0% and 6% of the total product cost
(11) .
In practice only a fraction of these possible royalties 
are actually paid because some companies develop their own 
processes. Also, research expenses can be partially 
recovered (through royalties, too). Patent rights for some 
old processes have already expired, and some other processes 
are known well enough as to require very low service fees.
8.2.7.- Interests. The average value for U.S. 
refineries in the past has been around 3.7% of the total 
cost of the refinery per year (7). In this study interests
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are not included (self-financing).
8.2.8.- Miscellaneous. This item includes 
miscellaneous chemicals used for corrosion control, drinking 
water, office supplies, etc. An average value is 0.15% of 
the total plant cost per year (10).
8.3. Cost Indices
Costs indices are used to update cost data from 
previous years and to forecast plant costs into the future. 
Among the published indices, the Nelson-Farrar indices 
(known as Nelson indices before 10/1/87) are considered the 
most appropriate because they are specific to the petroleum 
refining industry. These are published in the first issue of 
each month of the Oil and Gas Journal. The Journal also 
publishes a quarterly report (first week of January, April, 
July, and October) containing about 7 0 item indices 
(61, 62). Several Nelson-Farrar item indices were used 
during the course of this work to bring all cost data to the 
common base year 1982 for raw data. Nevertheless, in its 
final form the cost estimating procedure requires only three 
current Nelson-Farrar indices which are Investments, Labor 
and Chemicals. These three indices are used to bring cost 
t estimates to the year 1989.
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The investment index accounts for inflation (inflation 
index) and also improvements in mechanical designs, 
construction techniques, sizes, management skills, 
etc. (improvements in construction productivity). The labor 
index accounts for increases in wages and benefits as well 
as productivity of labor. The chemicals index includes 
changes with time of the typical mixture of chemicals used 
in U.S refineries (for example, accounts for the lead 
phasedown). A brief description of how these indices are 
computed and compiled can be found in references 16, 17 and 
18.
Updating of the costs reported in this study for a 
future year would need, in addition to the three indices 
just mentioned, an updating of the crude and product price 
structure, and prices of fuel, electricity, and water.
8.4.- Results and Discussion
All investment and operating cost data and correlations 
discussed in the previous sections were integrated in a 
spreadsheet (Lotus 1-2-3) for ease of calculations and to 
ensure consistency. The results of individual refinery 
process size in Table 7.5, prices from Table 5.4, and yield 
of products and some other necessary intermediate results 
from Appendixes A and B were then added to obtain the
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different cost estimates.
Appendixes C and D present detailed results for the 
conventional and reconfigured refineries, respectively. 
Tables 8.1 and 8.2 compare the results for investment costs. 
Table 8.3 summarizes operating costs and refinery margins, 
including per-barrel capital recovery.
The reconfigured refinery requires total capital 
investments that are 20% higher than the conventional 
refinery ($1.92 billion vs $1.60 billion). Similarly, total 
operating costs are 23% higher ($3.80 vs $3.08 per barrel of 
processed crude oil).
For comparison, Figure 8.1 shows the operating costs of 
U.S. Gulf Coast average refineries as reported in the Oil 
and Gas Journal by Wright Killen & Co. (65, 66). Estimated 
operating costs for the conventional refinery was 
significantly higher ($3.1 vs $2.3-$2.5 per barrel) 
presumably because of the higher complexity, higher 
conversion capacity, and heavier crude oil processed.
Figure 8.2 shows that our estimate for the conventional 
refinery follows the expected trend between operating costs 
and conversion capacity (which is related to complexity). 
Conversion capacity (coking plus cracking as a percentage of 
distillation capacity) for U.S. Gulf Coast refineries were 
obtained from reference 66.
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Table 8.1 Comparison of Capital Investment in Process





Complexity 11. 5 14 . 1 +3 . 0
Desalter 2.9 2.9 0.0
Atm. Distill. 38.1 38 . 1 0.0
Vac. Distill. 18.1 18.1 0.0
Coker 84.3 75.7 -8.6
Naphtha HDT 19.7 18.9 -0.8
Cat. Reformer 37.2 35.7 -1.5
Cat. Cracker 100.4 82 .1 -18.3
LSRN Isomer 13 . 2 13 . 2 0.0
Mid Dist. HDS 26.2 25.1 -1.1
Alkylation 23.7 31.8 +8.1
Polymerization 2 . 0 - -2.0
Hydrocracker 75.1 76. 9 +1.8
MTBE - 60. 6 +60. 6
i-C4 Dehydrog. - 62.4 +62.4
C4 Isomer - 33.5 +33.5
Gas Plant 28 . 6 28.9 +0.3
Amine Treater 11.9 12 . 0 +0.1
H2 Plant 5.8 28.9 +23.1
Sulfur Plants 11.7 11.7 0.0
Sub-total 499 . 0 656.4 +157.4
Catalyst Charge 14 .5 16. 2 +1.7
Total 513 . 6 672 . 6 +159.0
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Table 8.2 Comparative Total Capital Investments: 





Process Units 513.6 672 . 6 +159.0
CW System 22.6 28.8 +6.2
Steam System 3.4 0.5 -2.9
Storage 469 . 3 510.4 +41.1
Offsites 151. 3 181. 8 +30.5
Other Costs 34.8 41.8 +7.0
Contingency (15%) 179.3 215.4 +36.1
Tot. Depreciable 1374.3 1436.0 +61.7
Land 20.6 24.8 +4.2
Working Captl. 206.1 247.7 +41.6
Total 1601.0 1923.9 322 .9
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Table 8.3 Comparative Economics of Conventional vs
Reconfigured Refineries: Operating Costs and 









PRODUCT REVENUE 23 .38 27 . 04 3 . 66
FEEDSTOCK COST 15.09 16. 59 1.50
OPERATING COSTS:
Operating Labor 0.14 0.15 0.01
Maintenance 0.51 0. 70 0.19
Obsolescence 0.36 0.43 0.07
Insur.& Prp.Tax 0.47 0.57 0.10
Royalties 0.11 0.15 0.04
Sub-total Fixed 1.59 1. 99 0.40
Fuel 0.53 0.73 0.20
Power 0.52 0.57 0. 05
Water 0. 01 0. 01 0. 00
Cat.& Chem. 0.40 0.46 0.06
Sub-total Variable 1.43 1.76 0.33
Miscellaneous 0. 53 0. 03 0. 00
Total Operat. Costs 3 . 08 3 . 80 0.72
CAPITAL RECOVERY (a) 3 .22 3.87 0.65
REFINERY MARGIN 1.99 2.79 0.80
ROR, % (15 yr) 26.8 28.7 1.90
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Figure 8.2 Relationship Between Refinery Operating Cost 
and Conversion Capacity
Sources: Calculated by the author from data in references
65 and 66
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Refiner margin in this work always includes capital 
recovery at 15% return and 15 years of life. Present value 
of salvage value is assumed to be the same than current cost 
of non-depreciable assets. This is the same as to consider 
only depreciable assets as investment costs (excluding land 
and working capital) and using a salvage value equal to 
zero. The same approach was used in calculations of rates of 
return (ROR).
A comparison of conventional and reconfigured 
refineries shows that the latter yields a better margin 
after capital recovery ($2.79 vs $1.99 per barrel) in spite 
of the higher capital investment and higher operating costs. 
This is a result of the significantly higher value of 
products.
The higher product revenue from the reconfigured 
refinery is a result of two factors: one is the higher price 
assigned to reformulated gasolines (+8 cents per gallon), 
and the other is the higher yield of products from each 
barrel of refined crude (Table 7.6). It can be calculated 
that of the $3.66/bbl difference in product revenue 
($27.04/bbl minus $23.38/bbl) $1.81/bbl comes from higher 
reformulated gasoline price and the other $1.86/bbl comes 
from higher liquid yield (a 50%-50% contribution).
The needed price differential between reformulated and
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conventional gasolines to make refinery margins equal can be 
calculated as 4.8 cents per gallon. This price differential 
is smaller than the assumed 8 cents per gallon, and equal to 
the lowest industry estimates (see Table 5.3). Figure 8.3 
shows how the calculated rate of return and refiner margin 
for the reconfigured refinery vary with the price difference 
between reformulated and conventional gasoline. Even if the 
price of both gasolines were the same the reconfigured 
refinery would still yield a positive margin of $0.82/bbl, 
but of course the margin would be much smaller than the 
$1.99/bbl of the conventional refinery. The reconfigured 
refinery needs higher gasoline prices to compensate for 
higher costs of input, operating costs, and capital 
investment recovery, so that profitability is maintained at 
the same level as the conventional refinery. Nevertheless, 
the required price is well within reason judging from 
current industry estimates and expectations.
The conventional and reconfigured refineries appear to 
be acceptable investment options, with positive margins and 
relatively high rates of returns. However, the reconfigured 
refinery presents better economic results. The calculated 
rate of return for the reconfigured refinery was higher than 
for the conventional refinery (28.7% vs 26.8%). In this 
case the alternative with the higher investment is also the
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Figure 8.3 Rate of Return and Refinery Margin for the
Reconfigured Refinery as a Function of Price 
Differential Between Reformulated and 
Conventional Gasolines
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one with the higher ROR, therefore incremental rate of 
return as required for evaluation of mutually exclusive 
investments is automatically satisfied (93). The 
incremental ROR reconfigured-conventional was calculated as 
38.2%, higher than any of the two investments individually.
In addition to the apparent economic advantage, the 
production of reformulated gasolines has another important 
advantage over production of conventional gasolines in that 
it overcomes the barriers to imports that tough U.S. product 
specifications create. Increasingly with time, only those 
products that meet the U.S. standards for clean fuels would 
find a place in that market. This is especially important 
if Venezuela intends to benefit from further downstream 
integration and from the exploitation of its favorable 
strategic position as foreign supplier of the U.S. market.
It was indicated earlier that the reconfigured refinery 
offers a product yield advantage over the conventional 
refinery. Yield of liquid products is higher by about 8 v%. 
The extra volume comes from the conversion of natural gas 





The same calculation procedures explained in previous 
chapters were used to quantify variations in resulting 
comparative economics between reconfigured (RCFG) and 
conventional (CONV) refineries as some of the assumed 
variables in the design basis are changed within a certain 
range. The results are presented in this chapter.
9.1. Investment. Operating Costs and Gross Margin
Figures 9.1, 9.2, and 9.3 present the resulting rate of 
return and refiner margin for the two refineries when 
investment costs, operating costs, and gross margin are 
changed in the range -50% to +50% with respect to the base 
case values defined in the design basis. Gross margin is 
defined as the difference between product revenue and input 
cost. Gross margin variations account for changes in overall 
product price, crude oil price, or both (price 
differentials).
Equal percentage changes in the three studied variables 
caused variations of profitability (ROR and margin) in the 
following increasing order: Operating cost < Capital cost <
T-4202 93







-6 0 - 4 0 20 40 60-20 0






-60 -4 0 -20 0 20 40 60
Changes in Capital Cost, %












0- 6 0 - 4 0 -20 20 40 60








- 6 0 - 4 0 -20 0 20 40 60
Changes in Operating Costs, %
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Figure 9.3 Sensitivity Analysis to Changes in Gross 
Margin
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Gross margin. Profitability was shown to be relatively 
stable to individual changes. Only changes in gross margin 
of about -25% (a drop of $2.2-$2.5/bbl approximately) 
resulted in negative margins and rates of returns smaller 
than 15%.
In all cases the reconfigured refinery showed better 
ROR and margin than the conventional refinery (no 
intersections of curves were observed within the studied 
range).
9.2. Refinery Size and Capacity Utilization
Refinery size was fixed at 200 Mbpd in the design 
basis, equal to the size of announced new high conversion 
export refinery capacity for Venezuela. This section studies 
the effect of refinery size on the relative economics of 
reconfigured and conventional refineries.
Figure 9.4 shows how investment and operating costs per 
unit capacity vary as a function of refinery size. Both 
costs decrease significantly with increasing capacity as a 
result of economies of scale. Relative results are 
maintained throughout the range 50 to 4 00 Mbpd. The 
reconfigured refinery is always more expensive to built and 
to operate.
Figure 9.5 shows that relative results found previously
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Figure 9.4 Investment and Operating Costs per Unit 
Capacity as a Function of Refinery Size
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Figure 9.5 Rate of Return and Refinery Margin as a 
Function of Refinery Size
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for 200 Mbpd refineries can be generalized for the entire 
range of 50 to 400 Mbpd capacity. In spite of higher costs, 
the reconfigured refinery is more attractive economically 
showing higher rates of returns and higher refiner margins. 
The relative economic advantage of the reconfigured refinery 
seems to improve at higher refinery sizes.
Another important variable is refinery utilization.
With frequency, petroleum refineries operate below rated 
capacity. Since part of the operating costs are fixed as 
also is capital recovery, profitability of refineries become 
heavily affected by the level of utilization. Figure 9.6 
indicates that positive margins could be maintained as long 
as capacity utilization is in the order of 70% or higher. 
Below that level operation is unprofitable with negative 
margins and ROR smaller than 15%. Higher capacity 
utilization seems to favor more the reconfigured refinery 
than the conventional one.
9.3. Effect of Refinery Location
As mentioned earlier, cost estimates were made for a 
refinery located in the U.S. Gulf Coast (USGC) because most 
information on costs is available for that region. The cost 
of a refinery in another location (i.e., Venezuela) could in 
theory be estimated by using location factors.
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Figure 9.6 Effect of Level of Capacity Utilization on 
Rate of Return and Refinery Margin
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Location factors represent a numerical evaluation of 
relative capital and operating costs in different 
geographic areas. They usually account for differences in 
the costs of equipment, materials, freight, labor rates, 
burdens, productivity, weather, site conditions, price of 
electricity, fuel, etc.. Unfortunately, there is no complete 
updated information on location factors for Venezuela. The 
only recent data available to this author are the capital 
cost factor of 1.1 (10% higher than in the USGC), and fuel 
cost of $0.40/MMBtu used in a recent report of the World 
Bank where cost estimates were made for a petrochemical 
plant in Venezuela for the year 1990 (67).
Nelson (7, 68) published location factors for Venezuela 
relative to USGC valid for a 200 Mbpd refinery size and for 
year 1973. Although these factors may change over time, they 
were used in this study as a rough approximation because of 
lack of more recent data. Nelson's factors (7, 68) were only 
updated with the capital cost factor and fuel cost used in 
the World Bank report mentioned before (67).
Table 9.1 shows cost estimation results after 
correction for location in Venezuela. Location factors shown 
in Table 9.1 are judged to be at least qualitatively correct 
in terms of the direction in which costs move from one 
location to the other. Quantitatively, these are the best
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Table 9.1 Comparative Economics of Conventional vs
Reconfigured Refineries Located in Venezuela 












PRODUCT REVENUE — 23 . 38 27 . 04 3.66
FEEDSTOCK COST — 15.09 16.59 1.50
OPERATING COSTS:
Operating Labor 0. 62 0. 08 0. 09 0. 01
Maintenance 0 . 95 0.48 0. 67 0.18
Obsolescence 1. 03 0.37 0.44 0. 07
Insur.& Prp.Tax 1. 00 0.49 0. 59 0.10
Royalties 1. 05 0. 12 0.15 0. 03
Sub-total Fixed 1.55 1. 95 0.40
Fuel 0. 25 0.13 0.18 0. 05
Power 0. 65 0.34 0. 37 0.03
Water 1. 00 0. 01 0. 01 0.00
Cat.& Chem. 1.26 0. 51 0. 58 0.08
Sub-total Variable 0. 99 1. 15 0.16
Miscellaneous 0. 03 0. 03 0. 00
Total Operat. Costs 2 .54 3 . 09 0.55
CAPITAL RECOVERY (b) 1.10 3.54 4.26 0.71
REFINERY MARGIN 2 .21 3 .10 0.89
ROR, % (15 yr) 27. 0 28.9 1.90
(a) Vzla/USGC Ratio
(b) At 15%, 15 years
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values available to this author.
The relative results between conventional and 
reconfigured refineries remain the same, as expected. Both 
refineries are expected to be profitable with margins in the 
order of $2 to $3 per barrel, and ROR of 27%-29%. Again, the 
reconfigured refinery resulted with a larger margin 
($3.10/bbl vs $2.21/bbl). The minimum price differential 
between reformulated and conventional gasolines needed to 
maintain the same margin in both refineries was calculated 
at 4.4 cents per gallon. The cost advantage of the 
reconfigured refinery in Venezuela should be added to the 
before-mentioned advantage that comes from higher liquid 
products, coming indirectly from natural gas (in the form of 
methanol and hydrogen).
The economics of the Venezuelan refineries was 
favorable over the USGC location. Total operating costs in 
Venezuela were estimated 18% lower than in the USGC, mainly 
because of lower cost of labor and energy (fuel and 
electricity). The lower operating costs in Venezuela more 
than compensated for the estimated 10% higher costs of 
capital investments. Refinery margins in Venezuela resulted 
higher than in the USGC by $0.22-$0.31/bbl.
Updating of location factors and cost estimation 
procedures would most likely tend to improve the competitive
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advantage of Venezuela. One important reason are the less 
stringent pollution control requirements for refinery 
emissions. The methodology used in this study do not include 
the costs associated to the most recent (and pending) 
environmental regulation in the U.S. which would affect the 
estimates for the USGC-located refinery.
Plant and equipment needed to control refinery 
emissions would most likely be more complex and expensive in 
the USGC. This would bring the capital cost location factor 
closer to one, and in turn would further improve the 
relative economics of the Venezuelan location. To give an 
idea, it is estimated that the capital cost in pollution 
control and monitoring might total from 10% to 3 0%
(1987, U.S.) of the basic process units, with the figure 
steadily rising (92). Recently, a refiner mentioned that 
additional waste management and emissions control could make 
up to 10% of a U.S. refinery operating costs (75).
Refined product yield, process operating conditions, 
and other noncost-related variables are not affected by 
location. Petroleum refining technology of individual 
processes are relatively standard throughout the world. 
Therefore, as long as the target market is the same, 
refinery configurations for the production of conventional 
and reformulated gasolines (Table 7.5) are not affected by
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location. The same is true for product yield and composition 




Following are the most important conclusions derived 
from this study. All cost figures are in 1989 dollars. Cost 
figures were derived for the design basis, specifications, 
and other assumptions detailed in the body of this thesis 
(including a yet not final formula for reformulated 
gasolines):
- Within the limitations of the correlations used in this 
work, results indicated that gasoline reformulation can be 
obtained through appropriate integration of proven and 
relatively conventional refining processes working under 
different operating conditions. However, the resulting 
reconfigured refinery is of higher complexity and more 
costly than refineries with conventional configuration.
- Yield of exportable C5+ liquid products from the 
reconfigured refinery were 8% higher (15 Mbpd) than the 
conventional refinery with the same volume of processed 
crude oil (200 Mbpd). The higher yield is partially the 
result of larger amounts of natural-gas-derived inputs 
required to obtain gasoline reformulation (23 Mbpd of
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methane, methanol, and butane). Inputs related to the 
production of MTBE make most of the extra input volume.
- Economic evaluation of the conventional and reconfigured 
refineries indicated that with the price structure used in 
this study both refineries would be profitable to be built 
in Venezuela, processing 23.5 API Venezuelan crude. 
Refinery margins after capital recovery (at 15% and
15 years) and before taxes are estimated at $2.2/bbl for 
the conventional and $3.1/bbl for the reconfigured 
refineries.
- Capital investment and operating costs for the grass-roots 
refinery designed to produce reformulated gasoline were 
20% and 22% higher than for the conventional refinery, 
respectively. Total capital investment costs for the 
reconfigured refinery located in Venezuela were estimated 
at $2.1 billion for a crude processing capacity of
200 Mbpd and a production of 117 Mbpd of reformulated 
gasoline. Operating costs were calculated at $3.1/bbl of 
crude.
- Higher value of products form higher total yield and 
higher expected price for reformulated gasoline (assumed 
as +8 cent per gallon) gave the reconfigured refinery a 
relative economic advantage over the conventional refinery
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by $0.9/bbl of crude, despite higher capital investment 
and higher operating costs.
- The minimum required price difference between reformulated 
and.conventional gasolines was estimated at 5 cents per 
gallon in order to maintain the same level of 
profitability (or margin) than the less costly 
conventional refinery (including return of capital). This 
value is on the lower side of various industry estimates 
for such price difference which range roughly between 5 
and 16 cents per gallon.
- The results of this study indicate that a reconfigured 
refinery designed for the production of reformulated 
gasolines for the U.S. market looks as the best economic 
and strategic option for construction of new grass-roots 
Venezuelan export refining capacity.
- Changes in the formula of reformulated gasoline and other 
variables in the design basis may affect these 
conclusions. Nevertheless, the methodology and procedures 
developed during this study make the updating of results a 
relatively easy task, as long as the level of detail is 
maintained (preliminary cost estimation). Modifications 
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APPENDIX A




HC light naphtha 4474 MD Hydrotreater 40027
- to gas. pool 4474 * - to heat. oil 16750
- to isomeriz. 0 * - to diesel 23278
HC heavy naphtha 15403 Atm. Gas Oil 24000
- to reformer 15403 - to hydrotreater 24000
- to gas. pool 0 * * - to heating oil 0
SR kerosine 26000 LVGO: 44000
- to hydrotreater 14900 * - to FCC 44000
- to jet pool 11100 * - to hydrocracker 0
FCC LCGO 18590 RESID 1050+ 36159
- to hydrocracker 9720 * * - to residual 4570
- to diesel pool 0 * - to coker 31589
- to hydrotreater 2340 *
- to heat, oil 6530 * --> Alter only these
variables.
v% /C5+ v% /
SEVERITIES BPCD liquids Crude
- REF RON 99 * IN:
- FCC %CONV 70 * Crude OiI 200000 100.0
(Mode 0 GASOLINE)* Natural Gas 283 0.1
- HCK SCFB 2162 * Butane 0 0.0
- MD HDT %S 0.05 * Methanol 0 0.0
- Oxygen RFG C5+ 0 *
- RVP 9 * OUT:
Gasoline 108032 58.0 54.0
- Prm % 40 43213 23.2 21.6
GASOLINE POOL - Reg % 60 64819 34.8 32.4
Aromatics 34.94 v%
Benzene 1.98 v% Jet-fuel 37.0 22374 12.0 11.2
Olefins 9.57 v%
Oxygen 0.00 u% DistiIlates 46557 25.0 23.3
R+M/2 89.32 - Diesel 45.7 23278 12.5 11.6
- Heat 0 0.50 23279 12.5 11.6
Residual F.O. 9310 5.0 4.7
LPG 10210 5.1
Refinery gas 9064 4.5
Coke 7739 3.9
Sulfur 720 0.4





RVP BON BPCD BPCD BPCD
Isomerate 13.5 82.1 5904 1474 4430
Reformate 2.2 93.2 39662 18662 21000
FCC Gasoline 4.4 84.6 38186 6986 31200
Lt hydrocrack 12.9 82.6 4474 109 4365
Hvy hydrocrack 1.1 67.5 0 0 0
Alkylate 4.6 96.6 10578 10578 0
Polymer 8.7 90.5 2307 2307 0
MTBE 9.0 110.0 0 0 0
Sub-Total bbl 101110 40115 60995
rvp 4.8 4.2 5.2
bon 89.1 92.0 87.2
N-Butane 52.0 92.5 6922 3098 3824
Total bbl 108032 43213 64819
bon 89.32 92.03 87.52














Isom 5904 59013 5.5 2.8 0 0 0
Reform 39662 475870 36.7 66 4.6 1 0
FCC gas 38186 416311 35.3 30 0.8 20 0
Lt hydck 4474 44030 4.1 2.8 0 0 0
Hvy hydck 0 0 0.0 3 1 0 0
Alkylate 10578 108389 9.8 0 0 0 0
Polymer 2307 24931 2.1 0 0 100 0
MTBE 0 0 0.0 0 0 0 18.2
N-Butane 6922 58977 6.4 0 0 0 0














API BPCD lb/hr %S
SR Kerosine 40.0 11100 12.04 133620 0.29
HCK 400-520 34.0 11274 12.47 140607 0.00
Total 37.0 22374 274227 0.14
API Av B.P.
DIESEL BLENDING 
BPCD lb/hr %S Cetane
MD Hydrotrater 33.2 524 23278 12.54 291832 0.05 45.7
FCC LCGO 10.1 525 0 14.58 0 1.48 17.7
Total 33.2 524 23278 291832 0.05 45.7
HEATING OIL BLENDING
API Av B.P. BPCD lb/hr %S Cetane
MD Hydrotrater 33.2 524 16750 12.54 209988 0.05 45.7
FCC LCGO 10.1 525 6530 14.58 95196 1.48 17.7
Atm. Gas Oil 23.0 585 0 13.36 0 0.74 36.2
Total 26.0 524 23279 305184 0.50 35.2
FUEL OIL BLENDING
API BPCD lb/hr %S
Resid 1050+ -4.0 4570 16.19 73998 2.85
FCC HCGO 0.2 4680 15.67 73358 2.22
Alkyl. Tar 20.0 60 13.63 815 0.00
Total -1.8 9310 148171 2.53
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SUMMARY OF PROCESS PLANT CAPACITIES
BASE: 200000 BPCD BARINAS, VENEZUELA
Plant BPCD % BPSD 
on stream
Desalter 200000 96.9 206398
Atm. Distillation 200000 96.9 206398
Vac. Distillation 114159 96.9 117812
Coker 31589 96.1 32871
Naphtha HDT 49124 96.8 50748
Cat. reformer 49124 96.8 50748
Cat. cracker 78000 95.7 81505
Light Naphtha Isom. 6000 96.8 6198
Mid. Dist. HDT 41240 96.8 42603
Alkylat ion 10578 97.2 10882
Polymerization 2307 97.2 2373
Hydrocracker 28188 97.1 29030
MTBE 0 97.0 0
i-C4 Deshydrg. 0 97.0 0
C4 Isomer 0 97.0 0
Gas pit, Mscfd 76794 96.9 79250
Amine treater, gpm 1375 96.9 1419
H2 Plant, Mscfd 6434 97.1 6626
Claus sulfur, LT/day 213 96.9 220
Stretford unit,LT/day 24 96.9 24
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CRUDE OIL PROPERTIES
CRUDE: BARINAS, VENEZUELA API: 23.5 ppm N: 2840
BASE: 200000 BPCD %SULFUR: 1.38 %CCR: 5.9





C5-180 F 3.0 71.0
180-380 F 13.0 52.5 0.046 1 0.005
380-520 F 13.0 40.0 0.290 10 0.040
520-650 F 12.0 30.0 0.742 69 0.280
650-850 F 22.0 23.0 1.308 589 4.575
850-1050F 17.0 13.0 1.863 3364 21.600
1050+ 18.08 -4.0 2.853 9497 73.500
100.08 100.000
CRUDE OIL DISTILLATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
COMPONENT Vol.% BPCD API (lb/hr)/
BPD





CRUDE 100.0 200000 23.5 13.32 2663852 1.38 36761.2 2840 7565.3
PRODUCTS:
C2 0.1 200 246.8 5.46 1091
C3 0.6 1200 146.5 7.43 8911
iC4 0.3 600 119.4 8.23 4937
nC4 1.0 2000 110.8 8.52 17041
C5-180 F 3.0 6000 71.0 10.19 61170
180-380 F 13.0 26000 52.5 11.22 291721 0.046 134.2 1 0.4
380-520 F 13.0 26000 40.0 12.04 312983 0.290 907.7 10 3.0
520-650 F 12.0 24000 30.0 12.78 306797 0.742 2276.4 69 21.2
650-850 F 22.0 44000 23.0 13.36 587944 1.308 7690.3 589 346.1
850-1050F 17.0 34000 13.0 14.29 485761 1.863 9049.7 3364 1634.1
1050+ 18.08 36159 -4.0 16.19 585496 2.853 16702.8 9497 5560.5
100.08 200159 2663852 36761.2 7565.3
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CATALYTIC REFORMER MATERIAL BALANCE 
(including hydrotreater)
BASE: 200000 BPCD BARINAS, VENEZUELA
SEVERITY: 99 RON KW : 11.71
COMPONENT Vol.% BPCD API <lb/hr)/ 
BPD





HSR Naphtha 52.9 26000 52.5 11.2 291721 0.046 134 1 0
DC Naphtha 15.7 7721 55.0 11.1 85468 0.854 730 568 49
HC Hvy Naphtha 31.4 15403 49.0 11.4 176195 0.000 0 0 0
100.0 49124 51.8 553384 0.156 864 88 49
PRODUCTS:
H2 total, wt% 
C1+C2, wt%
3.2
2.5 2659 246.8 5.2
17621
13772
C3, wt% 3.3 2470 146.5 7.4 18324
i-C4 2.8 1371 119.4 8.2 11268
n-C4 3.9 1932 110.8 8.5 16444
















Operating Mode : GASOLINE
88791 1073705
COMPONENT Vol.% BPCD API (lb/hr)/
BPD





LVGO 56.4 44000 23.0 13.4 587944 1.308 7690 589 346
HVGO 43.6 34000 13.0 14.3 485761 1.863 9050 3364 1634
KW: 11.56 100.0 78000 18.5 13.8 1073705 1.559 16740 1844 1980
PRODUCTS:
COKE, wt% 11.4 121980 4076 1757
C2-, wt% 5.4 11231 246.8 5.2 58176 6222
C3= 3.9 3027 139.6 7.6 23038
C3 2.3 1762 146.5 7.4 13074
C4= 20.65 7.6 5902 103.8 8.8 51705
i-C4 4.7 3666 119.4 8.2 30136
n-C4 2.2 1746 110.8 8.5 14861
C5+ gasoline 49.0 38186 57.9 10.9 416311 0.193 805 37 15
TCGO 29.8 23270 8.0 14.8 344424 1.636 5636 605 208
LCGO 23.8 18590 10.1 14.6 271066 1.477 4005 369 100
HCGO 6.0 4680 0.2 15.7 73358 2.224 1632 1475 108
16740 1980
Operating Mode : 0
0 => Gasoline

















COMPONENT Vol.% BPCD API <lb/hr)/ 
BPD





1050+ VR 100.0 31589 -4.0 16.2 511498 2.853 14592 9497 4858
PRODUCTS:
Gas C4-, wt% 10.1 51534 4378
DC Naphtha 24.4 7721 55.0 11.1 85468 0.854 730 568 49
DC Gas OiI 58.5 18468 24.0 13.3 245189 2.083 5107 4755 1166
Coke, wt% 25.3 129307 3.385 4378 28176 3643
26189 511498 14592 4858
GAS BALANCE
COMP. Ibmol/hr MU lb/hr (lb/hr)/
BPD
BPD
C1 1096 16 17532
C2= 32 28 895
C2 339 30 10169
C3= 66 42 2776 7.6 365
C3 175 44 7692 7.4 1037
C4= 51 56 2865 8.8 327
i-C4 21 58 1236 8.2 150
n-C4 55 58 3215 8.5 378
H2 155 2 311
C02 4 44 188










SEVERITY: 2162 scf H2/bbl
BARI NAS, VENEZUELA
COMPONENT Kw Vol.% BPCD API (lb/hr)/
BPD





DC Gas 0. 11.27 65.5 18468 24.0 13.3 245189 2.083 5107 4755 1166
FCC LCGO 9.93 34.5 9720 10.1 14.6 141705 1.477 2094 369 52
LVGO 11.61 0.0 0 23.0 13.4 0 1.308 0 589 0







Cl, wt% 0.21 827
C2, wt% 0.30 1165
C3, wt% 1.91 7394
i-C4 5.98 1687 119.4 8.2 13864
n-C4 2.95 832 110.8 8.5 7081
C5-180 F 12.43 15.87 4474 78.3 9.8 44030 -->
180-400 11.54 54.65 15403 49.0 11.4 176195
400-520 11.38 39.99 11274 34.0 12.5 140607
119.45 33670 400294
Hydrogen Balance wt% H2 lb/hr lb/hr H2 Hydrogen Balance
OUT IN
H2S 5.9 7651 450 DC G.O.
NH3 17.7 1479 261 FCC LCGO
C3- 20.0 9386 1877 LVGO
C4 17.2 20945 3603 H2
C5-180 F 15.5 44030 6810
180-400 F 13.9 176195 24491
400-520 F 12.4 140607 17457 ADD H2




C5-180 F must be lower than 
than 25 %














































































































































NAPHTHA ISOMERIZATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
COMPONENT Vol.% BPCD API (lb/hr)/ lb/hr 
BPD
FEED:
LSR Naphtha 100.0 6000 71.0 10.2 61170
HC Lt Naphtha 0.0 0 78.3 9.8 0
100.0 6000 61170
PRODUCTS:
C1, wt% 0.3 36 340.0 4.4 159
C2, wt% 0.4 45 246.8 5.5 245
C3 0.5 30 146.5 7.4 223
i-C4 0.8 48 119.4 8.2 395
n-C4 2.2 132 110.8 8.5 1125
C5+ 98.4 5904 75.0 10.0 59024
103.3 6195
H2 make-up = 40
61170
scf/bbl
BUTANE ISOMERIZATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
Component Vol% BPCD API (lb/hr)/ lb/hr
. f. BPD
FEED:
n-Butane 0 110.8 8.5 0
PRODUCTS:
C1 0 340.0 4.4 0
C2 0 246.8 5.5 0
C3 0 146.5 7.4 0
i-Butane 0 119.4 8.2 0
0 0
H2 make-up = 20 scf/bbl
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LIGHT ENDS SUMMARY
BASE: 200000 BPCD BARINAS, VENEZUELA
UNIT H2 C2- C3 i-C4 n-C4 Sulfur
lb/hr Ib/hr lb/hr bpcd bpcd lb/hr
CRUDE UNITS 1091 8911 600 2000
DELAYED COKER 311 28597 7692 150 378 4382
REFORMER 17557 13772 18324 1371 1932 864
ISOMERIZATION -53 404 223 48 132
FCC 58176 13074 3666 1746 6222
HYDROCRACKER -15073 1992 7394 1687 832 7201
MD HYDROTREATER -3775 3309 12284 3040
ALKYLATION 0 -7472 792
POLYMERIZATION 882
C4 ISOMER 0 0 0 0
i-C4 DESHYDRG 0 0 0 0 0
BLENDING -6922
NET -1344 107341 68784 50 890 21709
FUEL GAS AVAILABLE = 54381 MMBtu/d
= 9064 boe/d
LPG = 10210 bpcd
LIGHT OLEFINS SUMMARY 




























GAS PROCESSING UNIT MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
FEED lb/hr MW lbmol/hr MMscfd gal/day
C2 and Itr 107341 23 4667 42.5
C3 68784 44 1563 14.2 389345
i-C4 61831 58 1066 9.7 315925
n-C4 66483 58 1146 10.4 328118
13.46 gal/Mscf 76.8 1033388
ALKYLATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, 
% Aval I. C3=:
VENEZUELA
0
Component BPCD API (lb/hr)/ lb/hr
BPD
FEED:
C4=, coker 327 103.8 8.8 2865
C4=, cat cracker 5902 103.8 8.8 51705
C4=, polymeriz 0 103.8 8.8 0
C4=, MTBE 0 103.8 8.8 0
Total C4= 6229 103.8 8.8 54570
C3=, coker 0 139.6 7.6 0
C4=, cat cracker 0 139.6 7.6 0
C3=, deshydrg 0 139.6 7.6 0
Total C3= 0 139.6 7.6 0
Need i-C4 7472 8.2 61424
Total Feed: 13702 115994
PRODUCTS:
n-C3 0 146.5 7.4 0













R+M/2: 96.6 RVP: 4.6
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POLYMERIZATION MATERIAL BALANCE
BASE: 200000 BPCD BAR I NAS, VENEZUELA
Component BPCD API (lb/hr)/ lb/hr
BPD
FEED:
C3=, coker 365 139.6 7.6 2776
C3=, cat cracker • 3027 139.6 7.6 23038
C4= 0 103.8 8.8 0
3392 25813
PRODUCTS
C3 119 146.5 7.4 882
Polymer 2307 59.5 10.8 24931
2425 25813
HYDROGEN UNIT
CAPACITY: 32255 lb H2/day
6434 Mscfd 95% H2
FEED GAS: 1589 Mscf/day
283 Mbpd (Btu eq)
AMINE UNIT
TREATED GAS (C2-): 42.45 MMscfd
H2S : 4285 scfm
C02 : 295 scfm
TOTAL ACID GAS : 4580 scfm
AMINE SOLUTION 1375 gpm
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MTBE MATERIAL BALANCE
BASE: 200000 BPCD BARI NAS, VENEZUELA
Conv. : 97 % i-C4=/C4=(%) : 0
Component Vol% BPCD API (lb/hr)/ lb/hr
BPD
FEED:
i-C4=, FCC 0 103.8 8.8 0
i-C4=, Additional 0 103.8 8.8 0
Methanol 0 47.2 11.6 0
0 0
PRODUCTS:
MTBE 0 59.6 10.8 0
i-C4 DESHYDROGENATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
Component Vol% BPCD API (lb/hr)/ lb/hr
BPD
FEED:
i*C4 0 119.4 8.2 0
PRODUCT:
H2 0
C2- 0 246.8 5.2 0
C3= 0 139.8 7.6 0
C3 0 146.5 7.4 0




CLAUS SULFUR RECOVERY UNIT
BASE: 200000 BPCD BARI NAS, VENEZUELA
237 LT/cd





H2S 93.6 4285 23066 21709
C02 6.4 295 2053
N2 7254 32156
02 1928 9769
100.0 13763 67044 21709
PRODUCTS:
H2S 5.4 429 2307 2171
C02 3.7 295 2053
N2 90.9 7254 32156
H20 3857 10990
Sulfur 19538 19538






Component Vol % scfm lb/hr lb/hr
dry Sulfur
FEED:
H2S 5.4 429 2307 2171
C02 3.7 295 2053
N2 90.9 7254 32156
100.0 7978 36516 2171
PRODUCTS:
C02 3.9 295 2053
N2 96.1 7254 32156
H2 in H20 136
Sulfur 2171 2171
100.0 7549 36516 2171
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APPENDIX B




HC light naphtha 5495 MD Hydrotreater 37357
- to gas. pool 5495 * - to heat. oi I 12172
- to isomeriz. 0 * - to diesel 25186
HC heavy naphtha 17357 Atm. Gas OiI 28000
- to reformer 17357 - to hydrotreater 16100
- to gas. pool 0 * * - to heating oil 11900
SR kerosine 26000 LVGO: 44000
- to hydrotreater 22320 * - to FCC 26000
- to jet pool 3680 * - to hydrocracker 18000
FCC LCGO 6230 RESID 1050+ 36145
- to hydrocracker 5100 * * - to residual 8260
- to diesel pool 0 * - to coker 27885
- to hydrotreater 0 *
- to heat, oil 1130 * --> Alter only these
variables.
v% /C5+ v% /
SEVERITIES BPCD Iiquids Crude
- REF RON 87 * IN:
- FCC %CONV 86 * Crude OiI 200000 100.0
(Mode 1 LPG )* Natural Gas 3135 1.6
- HCK SCFB 1894 * Butane 14091 7.0
- MD HDT %S 0.05 * Methanol 6063 3.0
- Oxygen RFG C5+ 2.74 *
- RVP 7 * OUT:
Gasoline 116789 58.0 58.4
- Prm % 40 46704 23.2 23.4
GASOLINE iPOOL - Reg % 60 70086 34.8 35.0
Aromatics 23.86 v%
Benzene 1.03 v% Jet-fuel 37.0 24177 12.0 12.1
Olefins 5.00 v%
Oxygen 2.70 w% Distillates 50387 25.0 25.2
R+M/2 89.28 - Diesel 47.8 25186 12.5 12.6
- Heat O 0.50 25202 12.5 12.6
Residual F.O. 10066 5.0 5.0
LPG 8592 4.3
Refinery gas 11432 5.7
Coke 6831 3.4
Sulfur 719 0.4





RVP BON BPCD BPCD BPCD
Isomerate 13.5 82.1 5904 0 5904 *
Reformate 2.2 83.5 41219 21119 20100 *
FCC Gasoline 4.4 84.6 27150 3650 23500 *
Lt hydrocrack 12.9 82.6 5495 4675 820 *
Hvy hydrocrack 1.1 67.5 0 0 0 *
Alkylate 5.8 93.4 16830 2930 13900 *
Polymer 8.7 90.5 0 0 0 *
MTBE 9.0 110.0 17820 13620 4200 *
Sub-Total bbl 114417 45993 68424
rvp 5.7 6.0 5.4
bon 89.2 92.0 87.4
N-Butane 52.0 92.5 2372 710 1662
Total bbl 116789 46704 70086
bon 89.28 91.98 87.48














Isom 5904 59013 5.1 2.8 0 0 0
Reform 41219 498969 35.3 47 2.4 1 0
FCC gas 27150 302815 23.2 30 0.8 20 0
Lt hydck 5495 53711 4.7 2.8 0 0 0
Hvy hydck 0 0 0.0 3 1 0 0
Alkylate 16830 171758 14.4 0 0 0 0
Polymer 0 0 0.0 0 0 100 0
MTBE 17820 192521 15.3 0 0 0 18.2
N-Butane 2372 20208 2.0 0 0 0 0














API BPCD lb/hr %S
SR Kerosine 41.0 3680 11.97 44042 0.22
HCK 400-520 36.3 20497 12.30 252154 0.00















API Av B.P. BPCD lb/hr %S
MD Hydrotrater 37.7 482 12172 12.20 148516 0.05
FCC LCGO 2.9 525 1130 15.37 17367 2.45





Total 28.7 528 25202 324895 0.50 39.2
FUEL OIL BLENDING
API BPCD lb/hr %S
Resid 1050+ -4.0 8260 16.19 133746 2.85
FCC HCGO -5.6 1680 16.39 27539 3.69
Alkyl. Tar 20.0 126 13.63 1722 0.00
Total -4.0 10066 163008 2.96
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SUMMARY OF PROCESS PLANT CAPACITIES 
BASE: 200000 BPCD BARI NAS, VENEZUELA









Light Naphtha Isom. 







Gas pit, Mscfd 
Amine treater, gpm 
H2 Plant, Mscfd 







































C5-180 F 3.0 71.0
180-360 F 11.0 54.0 0.041 1 0.004
360-500 F 13.0 41.0 0.224 7 0.030
500-650 F 14.0 31.0 0.710 68 0.321
650-850 F 22.0 23.0 1.308 589 4.575
850-1050F 17.0 13.0 1.863 3364 21.600







CRUDE OIL DISTILLATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
COMPONENT Vol.% BPCD API (lb/hr)/
BPD





CRUDE 100.0 200000 23.5 13.3 2663852 1.380 36761 2840 7565
PRODUCTS:
C2 0.1 200 246.8 5.5 1091
C3 0.6 1200 146.5 7.4 8911
iC4 0.3 600 119.4 8.2 4937
nC4 1.0 2000 110.8 8.5 17041
C5-180 F 3.0 6000 71.0 10.2 61170
180-360 F 11.0 22000 54.0 11.1 244845 0.041 100 1 0
360-500 F 13.0 26000 41.0 12.0 311169 0.224 697 7 2
500-650 F 14.0 28000 31.0 12.7 355727 0.710 2526 68 24
650-850 F 22.0 44000 23.0 13.4 587944 1.308 7690 589 346
850-1050F 17.0 34000 13.0 14.3 485761 1.863 9050 3364 1634
1050+ 18.07 36145 -4.0 16.2 585256 2.853 16698 9497 5558
100.07 200145 2663852 36761 7565
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COMPONENT Vol.% BPCD API (lb/hr)/
BPD





HSR Naphtha 47.6 22000 54.0 11.1 244845 0.041 100 1 0
DC Naphtha 14.8 6815 55.0 11.1 75445 0.854 644 568 43
HC Hvy Naphtha 37.6 17357 50.9 11.3 196447 0.000 0 0 0
100.0 46173 53.0 516736 0.144 744 84 43
PRODUCTS:
H2 total, wt% 
C1+C2, wt%
0.4
0.0 0 246.8 5.2
2214
0
C3, wt% 0.6 428 146.5 7.4 3177
i-C4 1.3 608 119.4 8.2 4996
n-C4 1.9 857 110.8 8.5 7292











BASE: 200000 BPCD BARINAS, VENEZUELA
SEVERITY: 86 % CONV. Operating Mode : LPG
COMPONENT Vol.% BPCD API (lb/hr)/
BPD





LVGO 43.3 26000 23.0 13.4 347421 1.308 4544 589 205
HVGO 56.7 34000 13.0 14.3 485761 1.863 9050 3364 1634
KW: 11.53 100.0 60000 17.2 13.9 833183 1.632 13594 2207 1839
PRODUCTS:
COKE, wt% 16.8 140204 4050 1734
C2-, wt% 12.1 19444 246.8 5.2 100718 5679
C3= 6.2 3732 139.6 7.6 28399
C3 4.4 2668 146.5 7.4 19798
C4= 33.65 12.2 7307 103.8 8.8 64014
i-C4 7.2 4306 119.4 8.2 35394
n-C4 3.6 2180 110.8 8.5 18549
C5+ gasoline 45.2 27150 53.6 11.2 302815 0.167 506 44 13
TCGO 13.2 7910 1.0 15.6 123293 2.724 3359 737 91
LCGO 10.4 6230 2.9 15.4 95753 2.448 2344 441 42
HCGO 2.8 1680 -5.6 16.4 27539 3.687 1016 1765 49
74697 833183 13594 1839
Operating Mode : 1
0 => Gasoline
1 => LPG (80-85% conv)
LPG Mode C2- 1.118
Correction --> C3-C4 1.209
Factors Gasol. 0.905
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DELAYED COKER MATERIAL BALANCE
BASE: 200000 BPCD BAR I NAS, VENEZUELA
CCR: 15.8 WT%
COMPONENT Vol.% BPCD API (lb/hr)/
BPD
lb/hr wt% S lb/hr
S
ppm N lb/hr 
N
FEED:
1050+ VR 100.0 27885 -4.0 16.2 451510 2.853 12882 9497 4288
PRODUCTS:
Gas C4-, wt% 10.1 45491 3865
DC Naphtha 24.4 6815 55.0 11.1 75445 0.854 644 568 43
DC Gas OiI 58.5 16302 24.0 13.3 216433 2.083 4509 4755 1029
Coke, wt% 25.3 114142 3.386 3865 28176 3216
23118 451510 12882 4288
GAS BALANCE
Coke:
COMP. tbmol/hr MU lb/hr (lb/hr)/ BPD 1370 ST/cd
BPD 6831 bpcd
Feed/Coke:
C1 967 16 15476 20.4 bbl/ST
C2= 28 28 790
C2 299 30 8976
C3= 58 42 2450 7.6 322
C3 154 44 6790 7.4 915
C4= 45 56 2529 8.8 289
i-C4 19 58 1091 8.2 133
n-C4 49 58 2838 8.5 333
H2 137 2 274
C02 4 44 166




BASE: 200000 BPCD BARI NAS, VENEZUELA
SEVERITY: 1894 scf H2/bbl
COMPONENT Kw Vol.% BPCD API (lb/hr)/
BPD
lb/hr wt% S lb/hr 
S
ppm N lb/hr 
N
FEED:
DC Gas 0. 11.27 41.4 16302 24.0 13.3 216433 2.083 4509 4755 1029
FCC LCGO 9.43 12.9 5100 2.9 15.4 78369 2.448 1918 441 35
LVGO 11.61 45.7 18000 23.0 13.4 240523 1.308 3146 589 142







C1, wt% 0.20 1062
C2, wt% 0.28 1497
C3, wt% 1.77 9501
i-C4 5.26 2072 119.4 8.2 17028
n-C4 2.59 1022 110.8 8.5 8697
C5-180 F 12.52 13.95 5495 79.7 9.8 53711 --> Check for over-cracking:
180-400 11.66 44.05 17357 50.9 11.3 196447 C5-180 F must be lower than
400-520 11.53 52.02 20497 36.3 12.3 252154 than 25 %
117.87 46443 551733
Hydrogen Balance wt% H2 lb/hr lb/hr H2 Hydrogen Balance wt% H2 lb/hr lb/hr H2
OUT IN
H2S 5.9 10171 598 DC G.O. 11.8 216433 25490
NH3 17.7 1464 258 FCC LCGO 7.3 78369 5711
C3- 20.0 12060 2412 LVGO 12.2 240523 29436
C4 17.2 25725 4425 H2 100.0 16409 16409
C5-180 F 15.7 53711 8426
180-400 F 13.9 196447 27306 77045
400-520 F 12.8 252154 32327 ADD H2 350
H2 in sin. 1642











COMPONENT Kw Vol.% BPCD API (lb/hr)/ lb/hr wt% S lb/hr ppm N lb/hr
BPD S N
FEED:
360-500 F 11.70 58.1 22320 41.0 12.0 267126 0.224 598 7 2
500-650 F 11.59 41.9 16100 31.0 12.7 204543 0.710 1452 68 14
FCC LCGO 9.43 0.0 0 2.9 15.4 0 2.448 0 441 0
11.65 100.0 38420 36.7 471669 0.435 2051 34 16
Hydrogen(S,N) 27.6 233








360-650 F 11.72 97.2 37357 37.7 12.2 455830
471902
Hydrogen Balance wt% H2 lb/hr lb/hr H2 Hydrogen Balance ut% H2 lb/hr lb/hr H2
OUT IN
H2S 5.9 1928 113 360-500 F 13.3 267126 35527
NH3 17.7 8 1 500-650 F 12.7 204543 26004
C3- 20.0 14136 2827 FCC LCGO 7.3 0 0
360-650 F 13.3 455830 60434 H2 100.0 233 233
H2 in sin. 1601
61763





NAPHTHA ISOMERIZATION MATERIAL BALANCE 
BASE: 200000 BPCD BARI NAS, VENEZUELA




LSR Naphtha 100.0 6000 71.0 10.2 61170
HC Lt Naphtha 0.0 0 79.7 9.8 0
100.0 6000 61170
PRODUCTS:
C1, wt% 0.3 36 340.0 4.4 159
C2, wt% 0.4 45 246.8 5.5 245
C3 0.5 30 146.5 7.4 223
i-C4 0.8 48 119.4 8.2 395
n-C4 2.2 132 110.8 8.5 1125
C5+ 98.4 5904 75.0 10.0 59024
103.3 6195




BUTANE ISOMERIZATION MATERIAL BALANCE 
200000 BPCD BAR I NAS, VENEZUELA




n-Butane 100.0 18893 110.8 8.5 160968
PRODUCTS:
C1 0.4 81 340.0 4.4 354
C2 0.5 91 246.8 5.5 499
C3 0.5 102 146.5 7.4 757
i-Butane 102.5 19363 119.4 8.2 159358
103.9 19637 160968
H2 make-up = 20 scf/bbl
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LIGHT ENOS SUMMARY
BASE: 200000 BPCD BARINAS, VENEZUELA
UNIT H2 C2- C3 i-C4 n-C4 Sulfur
lb/hr Ib/hr lb/hr bpcd bpcd lb/hr
CRUDE UNITS 1091 8911 600 2000
DELAYED COKER 274 25243 6790 133 333 3868
REFORMER 2158 0 3177 608 857 744
ISOMERIZATION -53 404 223 48 132
FCC 100718 19798 4306 2180 5679
HYDROCRACKER -16759 2559 9501 2072 1022 9573
MD HYDROTREATER -3446 3000 11136 1815
ALKYLATION 1309 -13346 650
POLYMERIZATION 0
C4 ISOMER -83 853 757 19363
i-C4 DESHYDRG 3290 1815 2155 -13783 -18893
BLENDING -2372
NET -14893 135683 63756 0 -14091 21679
FUEL GAS AVAILABLE = 68593 MMBtu/d
= 11432 boe/d
LPG = 8592 bpcd
LIGHT OLEFINS SUMMARY 




















GAS PROCESSING UNIT MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA
FEED lb/hr MW Ibmol/hr MMscfd gal/day
C2 and Itr 135683 23 5899 53.7
C3 63756 44 1449 13.2 360883
i-C4 63837 58 1101 10.0 326174
n-C4 61052 58 1053 9.6 301312
11.44 gal/Mscf 86.4 988369
ALKYLATION MATERIAL BALANCE
BASE: 200000 BPCD BARI NAS, VENEZUELA
% AvaiI. C3=: 100
Component BPCD API (lb/hr)/ lb/hr
BPD
FEED:
C4=, coker 289 103.8 8.8 2529
C4=, cat cracker 7307 103.8 8.8 64014
C4=, plymeriz 0 103.8 8.8 0
C4=, MTBE -2481 103.8 8.8 -21733
Total C4= 5115 103.8 8.8 44810
C3=, coker 322 139.6 7.6 2450
C4=, cat cracker 3732 139.6 7.6 28399
C3=, deshydrg 492 139.6 7.6 3743
Total C3= 4546 139.6 7.6 34592
Need i-C4 13346 8.2 109702
Total Feed: 23007 189104
PRODUCTS:
n-C3 1309 146.5 7.4 10049
n-C4 650 110.8 8.5 5556
Alkylate, C3 8144 71.7 82769
C4 8686 70.0 89020
Tar 126 20.0 13.6 1710
17607 189104
Total alkylate 16830 70.8 171789
R+M/2: 93.4 RVP: 5.8
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POLYMERIZATION MATERIAL BALANCE
BASE: 200000 BPCD BARI NAS, VENEZUELA
Component BPCD API <lb/hr)/ lb/hr
BPD
FEED:
C3=, coker 0 139.6 7.6 0
C3=, cat cracker 0 139.6 7.6 0
C4= 0 103.8 8.8 0
0 0
PRODUCTS
C3 0 146.5 7.4 0
Polymer 0 59.5 10.8 0
0 0
HYDROGEN UNIT
CAPACITY: 357432 lb H2/day
71298 Mscfd 95% H2
FEED GAS: 17611 Mscf/day
3135 Mbpd (Btu eq)
AMINE UNIT
TREATED GAS (C2-): 53.66 MMscfd
H2S : 4279 scfm
C02 : 373 scfm
TOTAL ACID GAS : 4652 scfm








































i *C4 DESHYDROGENATION MATERIAL BALANCE
BASE: 200000 BPCD BARINAS, VENEZUELA




































CLAUS SULFUR RECOVERY UNIT
BASE: 200000 BPCD BARI NAS, VENEZUELA
237 LT/cd





H2S 92.0 4279 23034 21679
C02 8.0 373 2596
N2 7244 32113
02 1926 9756
100.0 13822 67499 21679
PRODUCTS:
H2S 5.3 428 2303 2168
C02 4.6 373 2596
N2 90.0 7244 32113
H20 3851 10975
Sulfur 19512 19512
100.0 11897 67499 21679
BASE:
STRETFORD ABSORPTION UNIT 
200000 BPCD BARINAS, VENEZUELA
Component Vo I % scfm lb/hr lb/hr
dry Sulfur
FEED:
H2S 5.3 428 2303 2168
C02 4.6 373 2596
N2 90.0 7244 32113
100.0 8045 37012 2168
PRODUCTS:
C02 4.9 373 2596
N2 95.1 7244 32113
H2 in H20 135
Sulfur 2168 2168
100.0 7617 37012 2168
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APPENDIX C
DETAILED COST ESTIMATION RESULTS FOR THE 
CONVENTIONAL REFINERY
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C A P A C I T Y  O F  R E F I N I N G  P R O C E S S  P L A N T S  (1)
P R O C E S S  P L A N T S C A P A C I T Y (/sd)
D e s a l t e r 2063 9 8 b p d cr ude
Atm. D i s t i l l a t i o n 2063 9 8 b p d cr ude
Vac. D i s t i l l a t i o n 117812 b p d A R
C o k e r 32871 b p d V R  , 20.4 B b l / S T c o k e
N a p h t h a  HD T 50748 b p d feed
Cat. R e f o r m e r 50748 b p d feed
C a t . C r a c k e r 81505 b p d feed, 70.0 % C o n v e r s i o n
L S R  N a p h t h a  Isom. 6198 b p d feed
Mid. Dist. H D T 42603 b p d feed, 416 S c f H 2 / b b l
A l k y l a t i o n 10882 b p d a l k y l a t e
P o l y m e r i z a t i o n 2373 b p d p o l y m e r
H y d r o c r a c k e r 2 9 030 b p d feed, 2432 S c f H 2 / b b l
M T B E 0 b p d M T B E
i-C4 D e shydrg. 0 b p d feed
C4 Iso m e r 0 b p d feed
G as P l ant 79250 M s c f d  , 13.46 G a l .L P G / M s c f
A m i n e  T r e a t e r 1419 gp m s o l . , 42451 M s c f d  gas
H2 P l a n t 6626 M s c f d  H2, 1589 M s c f d  gas
C l a u s  P l ant 220 L T / d
S t r e t f o r d  Unit 24 L T / d
0 bp c d i m p o r t e d  b u t a n e s
6922 bp c d n - b u t a n e s  to g a s o l i n e  b l e n d
54381 M M B t u / c d  a v a i l a b l e  fuel gas (C2-
176963 b p d t o t a l  C5 +  d i s t i l l a t e s
(1) C a p a c i t y  p e r  s t r e a m  day 
u n l e s s  i n d i c a t e d  'cd'.
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F E E D  & P R O D U C T  S U M M A R Y
U n i t s C a p a c i t y $/unit M $ / y r
Inputs C o s t s
C r u d e b p c d 200000 14.76 1 0 7 7 4 8 0
n - B u t a n e b p c d 0 11.86 0
M e t h a n o l b p c d 0 19.14 0
H y d r o g e n M s c f c d 0 0
Ga s  [to H2] (1) M s c f c d 42451 1.56 24172
b p c d 200283 1101652
P r o d u c t s R e a l i z a t i o n s
G a s . P r e m i u m b p c d 43213 2 7 .38 4 3 1 9 3 0
Gas. R e g u l a r b p c d 64819 23.83 5 6 3 8 7 6
J et Fuel b p c d 22374 23.71 1 9 3 6 2 4
D i e s e l b p c d 23278 24.02 2040 8 3
H e a t i n g  Oil b p c d 23279 22.63 192 2 8 6
F uel Oil b p c d 9310 14.69 4 9 9 1 8
Co k e ST / c d 1552 32.66 18497
S u l f u r L T / c d 237 99.33 8586
L P G b p c d 10210 11.86 4 4 1 9 8
b p c d 204941 1 7 06999
(1) C h o o s e  one: H2 or gas
A s s i g n  p r i c e  zero t o  th e  other.
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E C O N O M I C  E V A L U A T I O N
M $ / y r  $/bbl
P R O D U C T  R E V E N U E 1706999 23.38
F E E D S T O C K  C O STS 1101652 15.09
O P E R A T I N G  C O STS
O p e r a t i n g  L a b o r 9934 0.14
M a i n t e n a n c e 37235 0.51
O b s o l e s n c e 26111 0.36
Insur. & Prop. Tax 34357 0.47
R o y a l t i e s 8270 0.11
I n t e r e s t s 0 0.00
S u b - t o t a l  F i x e d  C osts 115908 1.59
Fuel 38770 0.53
Po w e r 38243 0.52
W a t e r 630 0.01
Cat. & C h e m i c a l s 29425 0.40
S u b - t o t a l  V a r i a b l e  C o s t s 1 07068 1.47
M i s c e l l a n e o u s 2061 0.03
T o t a l  O p e r a t i n g  C o sts 225037 3.08
C A P I T A L  R E C O V E R Y  (1) 235025 3.22
R E F I N E R Y  M A R G I N 1452 8 6 1.99
(1) R O R  = 
L i f e  =
15 % (26.8 % brea k e v e n )
15 y e a r s
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C O S T  M O D E L S  P E R  P R O C E S S I N G  P L A N T
P R O C E S S  P L A N T S F a c t o r s U n i t s
Base
C a p a c i t y
' 82 $/ 
u n i t
e x p
(1)
R a n g e
u n i t / 1 0 0 0
D e s a l t e r b p d  c r u d e 100000 14.93 0.57 5-200
Atm. D i s t i l l a t i o n b p d  c r u d e 100000 168.65 0.76 10-300
Vac. D i s t i l l a t i o n b p d  A R 50000 156.97 0.66 10-150
C o k e r  (2) Fc b p d  V R 20000 2 6 3 9 . 5 4 0.87 5-90
N a p h t h a  H D T b p d  feed 20000 4 0 9 . 9 8 0.65 4-60
Cat. R e f o r m e r b p d  feed 20000 752. 7 1 0.69 3-100
C a t . C r a c k e r b p d  feed 40000 1 1 12.66 0.77 6-90
L S R  N a p h t h a  Isom. b p d  feed 5000 1 6 63.68 0.92 1-10
Mid. Dist. H D T b p d  feed 20000 621.54 0.63 4-60
A l k y l a t i o n b p d  alky. 5000 221 6 . 9 5 0.63 1-30
P o l y m e r i z a t i o n b p d  poly. 1000 916 . 5 1 0.61 .5-2
H y d r o c r a c k e r  (2) Fh b p d  feed 20000 937.52 0 .81 3-50
M T B E b p d  M T B E 10000 3 0 86.35 0.67
i-C4 D e s h y d r g b p d  feed 10150 375 6 . 6 1 0.67
C4 Iso m e r b p d  feed 3800 2 2 6 3 . 0 0 0.67
G a s  P l a n t  (2) Fg M s c f d 20000 279.07 0.61 2-50
A m i n e  T r e a t e r g p m  sol. 500 7.69 0.83 .03-1
H2 P l a n t M s c f d  H2 20000 464 . 6 4 0.67 4-100
C l a u s  P l a n t L T / d 100 32.99 0 .44 10-500
S t r e t f o r d  U n i t L T / d 10 288.63 0.44
C W  S y s t e m g p m 75
S t e a m  S y s t e m lb/hr 50
(1) E x p o n e n t  of t h e  p o w e r  law m o d e l
(2) M u l t i p l i n g  Factors:
Fc = 1 - 0 . O l x (B b l /S T ) = 0.80
Fh = M s c f H 2 / B b l  - 0.16 = 2.27
Fg = 1 + 0 . 0 5 2 x (g a l C 3 + / M s c f ) = 1.70
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INI T I A L  C A T A L Y S T  B A T C H E S
P R O C E S S  PLA N T S
Initial 
C a t a l y s t  
'82 $/bpd
C a p a c . 
b p c d
Cost 
'82 M$
N a p h t h a  H DT 10 49124 491
Cat. R e f o r m e r 200 49124 9825
Cat. C r a c k e r 20 78000 1560
L S R  N a p h t h a  Isom. 150 6000 900
Mid. Dist. HDT 10 41240 412
H y d r o c r a c k e r 150 10578 1587
C4 Iso m e r 92 0 0
14775
S T O R A G E  R E Q U I R E M E N T S
S T O R A G E
(1)
bbl/
b p c d
M b b l  of 





C r u d e 15 3000 30 9 0 000
P r o d u c t s
B u t a n e s 20 138 60 8306
P r o p a n e s 20 204 75 15315
O t h e r 40 8198 30 2459 2 9
3 595 5 1
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N E L S O N - F A R R A R  I N DICES
ITEM 1989 1982
I n v e s t m e n t  502.5 385.0
L a b o r  Co s t  257.4 321.8
Cat. & C h e m i c a l s  2 3 0.4 234.1
C O S T  O F  U T I L I T I E S
ITEM U n i t s
1989
$/unit
E l e c t r i c i t y K W h 0.05
P r o c e s s  W a t e r M g a l 0.10
Fuel (1): Gas % 13.4 M s c f 2.48
L i q u i d % 86.6 bbl 14.16
(1) 0.93 L H V / G H V
1.026 M M B t u / M s c f  (LHV)
5.859 M M B t u / b b l  (LHV) 
S p e c i f y  % fuel fr o m  gas
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I N V E S T M E N T S  IN R E F I N I N G  P R O C E S S E S





D e s a l t e r 2259 2949
Atm. D i s t i l l a t i o n 29168 3 8070
Vac. D i s t i l l a t i o n 13854 18082
C o k e r 64619 8 4 340
N a p h t h a  HD T 15075 19676
Cat. R e f o r m e r 28515 3 7218
C a t . C r a c k e r 76938 100419
L S R  N a p h t h a  Isom. 10134 13227
Mid. Dist. HD T 20078 26205
A l k y l a t i o n 18149 2 3 688
P o l y m e r i z a t i o n 1554 2028
H y d r o c r a c k e r 57544 75106
M T B E 0 0
i-C4 Deshydrg. 0 0
C4 Isom e r 0 0
G a s  P l ant 21943 2 8640
A m i n e  T r e a t e r 9091 11865
H2 P l ant 4443 5799
C l a u s  P lant 4681 6110
S t r e t f o r d  Unit 4292 5602
3 82337 4 9 9 0 2 4
C a t a l y s t  C h a r g e 14775 14542
397112 513565
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P r o c e s s  U nits 397112 5 13565
C W  S y s t e m 17339 2 2 631
S t e a m  S y s t e m 2607 3403
S t o r a g e 359551 4 6 9 2 8 4
S u b - t o t a l 776609 100 8 8 8 4
O f f s i t e s 15 % 116491 151333
S u b - t o t a l 893101 1 1 6 0 2 1 6
O t h e r  Cost 3 % 26793 34806
S u b - t o t a l 9 19894 1195023
L o c . F a c t . 0 % (1) 0 0
Conting. 15 % 137984 179253
T o t a l  (2) 1057878 1 3 7 4 2 7 6
L a n d 1.5 % 15868 2 0 614
Wk. Captl. 15 % 158682 206 1 4 1
1232428 1 601032
(1) 0 % for U.S. G u l f  Coast.
(2) D e p r e c i a b l e
T-4202 159
U T I L I T Y  R E Q U I R E M E N T S  P E R  P R O C E S S I N G  P L A N T  
(per u n i t  capacity)
P R O C E S S  P L A N T S
U n i t s





C o o l i n g
Mgal
P r o c e s s
Fuel
M M B t u
C a t & C h m  
'82 cts
D e s a l t e r bbl 0.101 0.004 0.002 13.83
Atm. Distill. bbl 0.006 0.5 0.006 0.07 0.28
Vac. Distill. bbl 0.009 0.2 0.06 0.04
C o k e r  (1) b b l - L T 0.5 40 0.1 0.16 0.61
N a p h t h a  HD T bbl 0.006 2 0.3 0.1 2.11
Cat. R e f o r m e r bbl -0.03 3 0.6 0.3 10.7
C a t . C r a c k e r bbl -0.03 6 0.5 0.1 14
L S R  N a p h t h a  I s o m  bbl 1 0.8 0.2 5
Mid. Dist. H D T bbl 0.01 6 0.5 0.2 4.05
A l k y l a t i o n bbl 0.011 3.7 3.7 1.04 24
P o l y m e r i z a t i o n bbl 0.29 0 . 036 12.6
H y d r o c r a c k e r  (2) bbl 0.075 13.5 0.45 0.225 14.2
M T B E bbl 0.00 0 4 1.2 2.09 12
i-C4 D e shydrg. bbl -0.14 1.31 0.87 0.011 0.397 28
C4 I s o m e r bbl 3.5 0 . 416 8
G a s  P l a n t  (3) gal 0.06 0.1 0 . 014
A m i n e  Treat. (4) gal 0.01 0.0 0 4 4 0.001 0.21
H2 P l a n t M s c f d 0.792 0.343 0.0053 0 . 238 5.9
C l a u s  P l a n t LT -6.5 100 0.82
S t r e t f o r d  U n i t LT 2200 13.2 2.65
C W  s y s t e m M g a l 0.417 0.05
S t e a m  S y s t e m M l b 0.009 1.2
F u e l  a v a i l a b l e 0
Gen. Chem i c a l s : bb l  g a s o l i n e s 13.3
bbl mid--distilltes 0.58
bbl all d i s t i l l e d p r o d u c t s 7.06
(1) S t e a m  & P o wer/LT; Fuel, W a t e r  & C h e m . / B b l
(2) M u l t i p l y  b y  1 + 0 . 3 3 x ( M s c f / B b l - 2 ) = 1.143
(3) A d d  2.685 K w h / M s c f  gas
(4) Ca t  & C h e m i c a l s  /Mscf
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U T I L I T Y  R E Q U I R E M E N T S  P E R  P R O C E S S I N G  P L A N T  
(per c a l e n d a r  day)
P R O C E S S  PLA N T S % on 
s t r e a m
S t e a m
M l b / d
Po w e r
K W h / d
W a t e r , 
C o o l i n g
M g a l / d
P r o c e s s
Fuel
M M B t u / d
C a t & C h m  
'82 $/d
D e s a l t e r 96.9 2 0 2 0 0 800 400 27660
Atm. Distill. 96.9 1200 100000 1200 14000 560
Vac. Distill. 96.9 1027 22832 6850 4566
C o k e r 96.1 776 62067 3159 5054 193
N a p h t h a  HD T 96.8 295 98249 14737 4912 1037
Cat. R e f o r m e r 96.8 -1474 147373 29475 14737 5256
C a t . C r a c k e r 95.7 -2340 468000 39000 7800 10920
L S R  N a p h t h a  Isom 96.8 6000 4800 1200 300
Mid. Dist. HDT 96.8 412 247441 20620 8248 1670
A l k y l a t i o n 97.2 116 39137 39137 11001 2539
P o l y m e r i z a t i o n 97.2 669 83 291
H y d r o c r a c k e r 97.1 2415 434783 14493 7246 4573
M T B E 97.0 0 0 0 0 0
i-C4 Deshydrg. 97.0 0 0 0 0 0 0
C4 I s o m e r 97.0 0 0 0
Ga s  P l a n t 96.9 268 1 9 4 103339 14467
A m i n e  T r e a t e r 96.9 19806 8714 1981 86
H2 P l a n t 97.1 5096 2207 34 1531 380
C l a u s  P l a n t 96.9 -1386 2 1 316 175
S t r e t f o r d  Unit 96.9 52106 313 1
C W  s y s t e m  (1) 138836 16647
S t e a m  S y s t e m  (2) 11 1502
Fu e l  a v a i l a b l e - 5 4 3 8 1
Gen. C h e m i c a l s 26445
Total, /d 1043 215 1 4 3 5 289512 17267 43949 8 1910
/bbl c r u d e 0.005 10.757 1.448 0. 086 0 . 220 0.410
'89 $/bbl c r u d e 0. 5 2 4 0. 009 0 . 531 0.403
(1) 15 % c o n t i n g e n c y
(2) 20 % c o n t i n g e n c y
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R E F I N E R Y  C O MPLEXITY, M A I N T E N A N C E  & L A B O R
P R O C E S S  P L A N T S
N e l s o n  
Complex. Index
i n c r . 
/ u nit
D e s a l t e r
Atm. D i s t i l l a t i o n 1 1.00
Vac. D i s t i l l a t i o n 2 1.14
C o k e r 5 0.80
N a p h t h a  H D T 2 0.49
C a t . R e f o r m e r 4.0 0.98
C a t . C r a c k e r 5.5 2.17
L S R  N a p h t h a  Isom. 3 0.09
Mid. Dist. HD T 5.2 1.07
A l k y l a t i o n 9 0.47
P o l y m e r i z a t i o n 9 0.10
H y d r o c r a c k e r 6 0.84
M T B E 10 0.00
i-C4 Deshydrg. 10 0.00
C4 Iso m e r 3 0.00
G a s  P l ant 1.8 0.69
A m i n e  T r e a t e r 0.7 0.14
H2 P l ant 1.2 0.04
C l a u s  P l ant 85 0.09
S t r e t f o r d  U n i t 275 0.03
T r e a t i n g 0.5 0.43
S u b - t o t a l 10.59
P o l l u t i o n  C o n t r o l 8.5 % 0.90
R e f i n e r y  C o m p l e x i t y 11.49
M A I N T E N A N C E  C O S T  = 2.71 % of t o t a l  investment,
for t h e  c o m p l e t e refinery,
it in c l u d e s  m a i n t . labor.
M A N P O W E R 1271 men, t o tal 100.0
('82 basis) 968 men, m a i n t e n a n c e 76.1
304 men, o p e r a t i n g 23.9
W A G E S 4 0 900 '82 $ / m a n / y e a r
i nnl nHi nrr hnt-Honi n c l u d i n g  b u r d e n
O P E R A T I N G  L A B O R  = 9934 '89 M $ / y r
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R O Y A L T I E S
P R O C E S S  P L A N T S
% invest, 
p e r  ye a r '82 M $ / y r
D e s a l t e r 7.3 165
Atm. D i s t i l l a t i o n 0
Vac. D i s t i l l a t i o n 0
C o k e r 4.0 2585
N a p h t h a  H D T 3.5 528
Cat. R e f o r m e r 4.4 1255
C a t . C r a c k e r 3.6 2770
L S R  N a p h t h a  Isom. 3.3 334
Mid. Dist. HD T 3.5 703
A l k y l a t i o n 7.3 1325
P o l y m e r i z a t i o n 8.5 132
H y d r o c r a c k e r 5.0 2877
M T B E 3.5 0
i-C4 Deshydrg. 3.5 0
C4 Iso m e r 3.3 0
G a s  P l a n t 0
A m i n e  T r e a t e r 0
H2 P l ant 0
C l a u s  P l a n t 0
S t r e t f o r d  Unit 0
T o t a l , '82 M $ / y r 12673
'89 M $ / y r 16541
'89 $/bbl c r u d e 0.227
% T o tal Invest. / y e a r  ( '89) 1.20
% T o t a l  P r o d u c t  V a l u e 0.97
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S U M M A R Y  O F  O P E R A T I N G  C O S T S
I T E M '89 M $ / y r ' 89 $/bbl
E l e c t r i c i t y 38243 0 . 5 2 4
W a t e r  M a k e - U p 630 0.009
F uel G as 38770 0 . 5 3 1
Cat. & C h e m i c a l s 29425 0.403
M a i n t e n a n c e 2.71 % 37235 0 . 510
L a b o r 9934 0 . 136
O b s o l e c e n c e 1.90 % 26111 0 . 3 5 8
R o y a l t i e s 50.0 % (1) 8270 0.113
Insur. & Prop. Tax 2.50 % 34357 0.471
I n t e r e s t s 0 % 0 0.000
M i s c e l l a n e o u s 0.15 % 2 061 0 . 0 2 8
T o t a l 225037 3.083
(1) % of m a x i m u m
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APPENDIX D
DETAILED COST ESTIMATION RESULTS FOR THE 
RECONFIGURED REFINERY
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C A P A C I T Y  O F  R E F I N I N G  P R O C E S S  P L A N T S  (1)
P R O C E S S  P L A N T S C A P A C I T Y (/sd)
D e s a l t e r 2063 9 8 b p d c r ude
Atm. D i s t i l l a t i o n 206 3 9 8 b p d c rude
Vac. D i s t i l l a t i o n 117796 b p d A R
C o k e r 29016 b p d V R  , 20.4 B b l / S T c o k e
N a p h t h a  HD T 47699 b p d feed
C a t . R e f o r m e r 47699 b p d feed
C a t . C r a c k e r 62696 b p d feed, 86.0 % C o n v e r s i o n
L S R  N a p h t h a  Isom. 6198 b p d feed
Mid. Dist. H D T 39690 b p d feed, 408 S c f H 2 / b b l
A l k y l a t i o n 17315 b p d a l k y l a t e
P o l y m e r i z a t i o n 0 b p d p o l y m e r
H y d r o c r a c k e r 40579 b p d feed, 1934 S c f H 2 / b b l
M T B E 18393 b p d MT B E
i-C4 Deshydrg. 14210 b p d feed
C4 Iso m e r 19477 b p d feed
G a s  P l ant 89191 M s c f d  , 11.44 G a l .L P G / M s c f
A m i n e  T r e a t e r 1442 gp m s o l ., 53660 M s c f d  gas
H2 P l a n t 73428 M s c f d  H 2 , 17611 M s c f d  gas
C l a u s  P l ant 220 L T / d
S t r e t f o r d  Un i t 24 L T / d
14091 bpcdI i m p o r t e d  b u t a n e s
2372 bpcd i n - b u t a n e s  to g a s o l i n e  b l e n d
68593 M M B t u / c d  a v a i l a b l e  fuel gas (C2-
191354 b p d t o t a l  C5 +  d i s t i l l a t e s
(1) C a p a c i t y  p e r  s t r e a m  d a y  
u n l e s s  i n d i c a t e d  'cd'.
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FE E D  & P R O D U C T  S U M M A R Y
U n i t s C a p a c i t y $/unit M $ / y r
Inputs C o s t s
C r u d e b p c d 200000 14.76 10 7 7 4 8 0
n - B u t a n e b p c d 14090 11.86 60994
M e t h a n o l b p c d 6063 19.14 42355
H y d r o g e n M s c f c d 0 0
G a s  [to H2] (1) M s c f c d 53150 1.56 30264
b p c d 223287 1211092
P r o d u c t s R e a l i z a t i o n s
Gas. P r e m i u m b p c d 46724 3 0 .74 524249
Gas. R e g u l a r b p c d 70086 27.19 6955 5 4
J et Fuel b p c d 24177 2 3 .71 2 0 9 2 3 0
D i e s e l b p c d 25186 24.02 2 2 0 8 1 0
H e a t i n g  Oil b p c d 25202 22.63 208 1 6 5
F uel Oil b p c d 10066 14.69 53974
Co k e S T / c d 1370 32.66 16328
S u l f u r L T / c d 237 99.33 8575
LP G b p c d 8592 11.86 3 7 196
b p c d 217583 197 4 0 8 1
(1) C h o o s e  one: H2 or gas
A s s i g n  p r i c e  zero to th e  other.
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E C O N O M I C  E V A L U A T I O N
M $ / y r  $/bbl
P R O D U C T  R E V E N U E 1974081 2 7 . 0 4
F E E D S T O C K  C OSTS 1211092 16.59
O P E R A T I N G  C O STS
O p e r a t i n g  L a b o r 10808 0.15
M a i n t e n a n c e 51126 0.70
O b s o l e s n c e 31376 0.43
Insur. St Prop. Tax 41285 0.57
R o y a l t i e s 10658 0.15
I n t e r e s t s 0 0.00
S u b - t o t a l  F i x e d  Costs 145253 1.99
Fuel 53231 0.73
Po w e r 41443 0.57
W a t e r 814 0.01
Cat. St C h e m i c a l s 33884 0.46
S u b - t o t a l  V a r i a b l e  Costs 129372 1.77
M i s c e l l a n e o u s 2477 0.03
To t a l  O p e r a t i n g  C o sts 277103 3.80
C A P I T A L  R E C O V E R Y  (1) 282 4 1 4 3.87
R E F I N E R Y  M A R G I N 203472 2.79
(1) R O R  = 
L i f e  =
15 % (28.7 % b r e a keven)
15 y e ars
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C O S T  M O D E L S  P E R  P R O C E S S I N G  P L A N T
P R O C E S S  PLAN T S F a c t o r s U n i t s
Base





R a n g e
u n i t / 1 0 0 0
D e s a l t e r b p d  crude 100000 14.93 0.57 5-200
Atm. D i s t i l l a t i o n b p d  crude 100000 168.65 0 .76 10-300
Vac. D i s t i l l a t i o n b p d  A R 50000 156.97 0.66 10-150
C o k e r  (2) Fc b p d  V R 20000 2 6 3 9 . 5 4 0.87 5-90
N a p h t h a  HD T b p d  feed 20000 409 . 9 8 0.65 4-60
Cat. R e f o r m e r b p d  feed 20000 752.71 0.69 3 - 100
C a t . C r a c k e r b p d  feed 40000 1 1 12.66 0.77 6-90
L S R  N a p h t h a  Isom. b p d  feed 5000 1 6 63.68 0.92 1-10
Mid. Dist. HD T b p d  feed 20000 621.54 0.63 4-60
A l k y l a t i o n b p d  alky. 5000 2 2 16.95 0.63 1-30
P o l y m e r i z a t i o n b p d  poly. 1000 916.51 0.61 .5-2
H y d r o c r a c k e r  (2) Fh b p d  feed 20000 937.52 0.81 3-50
M T B E b p d  M T B E 10000 3 0 86.35 0.67
i-C4 D e s h y d r g b p d  feed 10150 3 7 56.61 0.67
C4 Iso m e r b p d  feed 3800 2 2 6 3 . 0 0 0.67
G a s  P l a n t  (2) Fg M s c f d 20000 279.07 0.61 2-50
A m i n e  T r e a t e r g p m  s o l . 500 7.69 0.83 .03-1
H2 P l ant M s c f d  H2 20000 464 . 6 4 0.67 4 - 100
C l a u s  P l a n t L T / d 100 32.99 0.44 10-500
S t r e t f o r d  Unit L T / d 10 288.63 0.44
C W  S y s t e m g p m 75
S t e a m  S y s t e m lb/hr 50
(1) E x p o n e n t  of t h e  p o w e r  law m o d e l
(2) M u l t i p l i n g  Factors:
Fc = 1 - 0 . 0 1 x ( B b l / S T )  = 0.80
Fh = M s c f H 2 / B b l  - 0.16 = 1.77
F g  = 1 + 0 . 0 5 2 x ( g a l C 3 + / M s c f ) = 1.59
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I N I T I A L  C A T A L Y S T  B A T C H E S
P R O C E S S  PLA N T S
I n itial 
C a t a l y s t  
'82 $/bpd
C a p a c . 
b p c d
Cost 
'82 M$
N a p h t h a  H DT 10 46173 462
Cat. R e f o r m e r 200 46173 9235
Cat. C r a c k e r 20 60000 1200
L S R  N a p h t h a  Isom. 150 6000 900
Mid. Dist. HDT 10 38420 384
H y d r o c r a c k e r 150 16830 2525
C4 Isomer 92 19477 1792
16497
ST O R A G E  R E Q U I R E M E N T S
ST O R A G E bbl/ M b b l  of Co s t C o s t
(1) b p c d s t o r a g e '82 $/bbl '82 M$
C r u d e 15 3000 30 9 0 000
P r o d u c t s
B u t a n e s 20 329 60 19755
P r o p a n e s 20 172 75 12889
O t h e r 40 8946 30 268 3 7 5
3910 1 8
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N E L S O N - F A R R A R  I NDICES
IT E M  1989 1982
I n v e s t m e n t  502.5 3 8 5.0
L a b o r  Cost 257.4 321.8
Cat. & C h e m i c a l s  230.4 2 3 4.1
CO S T  O F  U T I L I T I E S
IT E M U n i t s
1989
$/unit
E l e c t r i c i t y K W h 0.05
P r o c e s s  W a t e r Mg a l 0.10
Fuel (1): Gas % 13.4 Ms c f 2.48
L i q u i d % 86.6 bbl 14.16
(1) 0.93 L H V / G H V
1.026 M M B t u / M s c f  (LHV)
5.859 M M B t u / b b l  (LHV) 
S p e c i f y  % fuel f r o m  gas
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I N V E S T M E N T S  IN R E F I N I N G  P R O C E S S E S
M$ M$
PR O C E S S  P L A N T S  1982 1989
D e s a l t e r 2259 2949
Atm. D i s t i l l a t i o n 29168 38070
Vac. D i s t i l l a t i o n 13853 18081
C o k e r 58009 75713
N a p h t h a  H DT 14477 18895
Cat. R e f o r m e r 27328 35669
C a t . C r a c k e r 62881 82071
L S R  N a p h t h a  Isom. 10134 13227
Mid. Dist. HD T 19196 25054
A l k y l a t i o n 24363 31799
P o l y m e r i z a t i o n 0 0
H y d r o c r a c k e r 58888 76860
MT B E 46426 60595
i-C4 D e shydrg. 47771 62350
C4 I s o m e r 25704 33548
Ga s  P l a n t 22122 2 8 874
A m i n e  T r e a t e r 9209 12019
H2 P l a n t 22154 28916
Cl a u s  P l a n t 4678 6106
S t r e t f o r d  Unit 4289 5599
502909 656394
C a t a l y s t  C h a r g e 16497 16236
519406 672630
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P r o c e s s  U n i t s 519406 672 6 3 0
C W  S y s t e m 22074 2 8 810
S t e a m  S y s t e m 396 517
S t o r a g e 391018 510355
S u b - t o t a l 932893 1212312
Of fsites 15 % 139934 181847
S u b - t o t a l 1072828 1 394159
O t h e r  Cost 3 % 32185 41825
Su b - t o t a l 1105012 143 5 9 8 4
Loc. Fact. 0 % (1) 0 0
Conting. 15 % 165752 2 1 5 3 9 8
T o t a l  (2) 1270764 16 5 1 3 8 1
L a n d 1.5 % 19061 2 4 771
Wk. Captl. 15 % 190615 2477 0 7
1 480440 192 3 8 5 9
(1) 0 % for U.S. G u l f  Coast.
(2) D e p r e c i a b l e
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U T I L I T Y  R E Q U I R E M E N T S  P E R  P R O C E S S I N G  P L A N T  
(per u n i t  capacity)
P R O C E S S  P L A N T S
Un its




Water, M g a l  
C o o l i n g  P r o c e s s
Fuel
M M B t u
C a t & C h m  
'82 cts
D e s a l t e r bbl 0.101 0 . 004 0.002 13.83
Atm. Distill. bbl 0.006 0.5 0.006 0.07 0.28
Vac. Distill. bbl 0.009 0.2 0.06 0.04
C o k e r  (1) b b l - L T 0.5 40 0.1 0.16 0.61
N a p h t h a  HD T bbl 0.006 2 0.3 0.1 2.11
Cat. R e f o r m e r bbl -0.03 3 0.6 0.3 10.7
C a t . C r a c k e r bbl -0.03 6 0.5 0.1 14
L S R  N a p h t h a  I s o m  bbl 1 0.8 0.2 5
Mid. Dist. HD T bbl 0.01 6 0.5 0.2 4.05
A l k y l a t i o n bbl 0.011 3.7 3.7 1.04 24
P o l y m e r i z a t i o n bbl 0.29 0 . 036 12.6
H y d r o c r a c k e r  (2) bbl 0.075 13.5 0.45 0.225 14.2
M T B E bbl 0.00 0 4 1.2 2.09 12
i-C4 D e shydrg. bbl -0.14 1.31 0.87 0 . 011 0.397 28
C4 I s o m e r bbl 3.5 0.416 8
G a s  P l a n t  (3) gal 0.06 0.1 0.014
A m i n e  Treat. (4) gal 0.01 0.0 0 4 4 0.001 0.21
H2 P l a n t M s c f d 0.792 0.343 0.0 0 5 3 0 . 238 5.9
C l a u s  P l a n t L T -6.5 100 0.82
S t r e t f o r d  Unit L T 2200 13.2 2.65
C W  s y s t e m Mg a l 0.417 0.05
S t e a m  S y s t e m M l b 0 . 009 1.2
F u e l  a v a i l a b l e 0
Gen. C h e m icals: bbl g a s o l i n e s 13.3
bbl mid-■distilltes 0.58
bb l  all d i s t i l l e d  p r o d u c t s 7.06
(1) S t e a m  & Powe r / L T ;  Fuel, W a t e r  & C h e m . / B b l
(2) M u l t i p l y  b y  1 + 0 . 3 3 x ( M s c f / B b l - 2 ) - 0 . 978
(3) A d d  2.685 K w h / M s c f  gas
(4) C at & C h e m i c a l s  /Mscf
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U T I L I T Y  R E Q U I R E M E N T S  P E R  P R O C E S S I N G  P L A N T  
(per c a l e n d a r  day)
P R O C E S S  P L A N T S % on 
s t r e a m
S t e a m
M l b / d
P o w e r
K W h / d
Water,
C o o l i n g
M g a l / d
Pr o c e s s
Fuel
M M B t u / d
C a t & C h m  
'82 $/d
D e s a l t e r 96.9 20200 800 400 27660
Atm. Distill. 96.9 1200 1 00000 1200 14000 560
Vac. Distill. 96.9 1027 22829 6849 4 566
C o k e r 96.1 685 54788 2788 4462 170
N a p h t h a  H D T 96.8 277 92346 13852 4617 974
C a t . R e f o r m e r 96.8 -1385 138519 2 7 704 13852 4 940
C a t . C r a c k e r 95.7 - 1 800 360 0 0 0 30000 6000 8400
L S R  N a p h t h a  Isom 96.8 6000 4800 1200 300
Mid. Dist. H D T 96.8 384 2 3 0 5 2 0 19210 7684 1556
A l k y l a t i o n 97.2 185 62272 62272 17503 4039
P o l y m e r i z a t i o n 97.2 0 0 0
H y d r o c r a c k e r 97.1 2 891 520 4 0 8 17347 8673 5474
M T B E 97.0 7 21409 37288 0 2141
i -C4 Deshydrg. 97.0 -1 930 18056 11992 152 5472 3859
C4 I s o m e r 97.0 66125 7859 1511
G a s  P l a n t 96.9 2 91355 98837 13837
A m i n e  T r e a t e r 96.9 20117 8852 2012 109
H2 P l a n t 97.1 56468 24455 378 16969 4207
C l a u s  P l ant 96.9 -1384 21287 175
S t r e t f o r d  Un i t 96.9 52035 312 1
C W  s y s t e m  (1) 176741 21192
S t e a m  S y s t e m  (2) 2 228
F u e l  a v a i l a b l e - 68 5 9 3
Gen. C h e m i c a l s 28421
Total, /d 158 2 3 3 1 4 7 6 368 5 5 6 2 2 298 60341 94323
/bbl c r ude 0.001 11.657 1.843 0.111 0.302 0.472
'89 $/bbl c r u d e 0 . 568 0.011 0.729 0 . 464
(1) 15 % c o n t i n g e n c y
(2) 20 % c o n t i n g e n c y
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R E F I N E R Y  C O M P L E X I T Y , M A I N T E N A N C E  & L A B O R
N e l s o n  incr.
P R O C E S S  P L A N T S  Complex. I n dex /unit
D e s a l t e r
Atm. D i s t i l l a t i o n 1 1.00
Vac. D i s t i l l a t i o n 2 1.14
C o k e r 5 0.70
N a p h t h a  HD T 2 0.46
Cat. R e f o r m e r 4.0 0.92
C a t . C r a c k e r 6.3 1.91
L S R  N a p h t h a  Isom. 3 0.09
Mid. Dist. H D T 5.1 0.98
A l k y l a t i o n 9 0.76
P o l y m e r i z a t i o n 9 0.00
H y d r o c r a c k e r 6 1.18
M T B E 10 0.89
i-C4 Deshydrg. 10 0.69
C4 I s o m e r 3 0.28
G a s  P l a n t 1.8 0.78
A m i n e  T r e a t e r 0.7 0 .18
H2 Plant 1.2 0.43
C l a u s  P l ant 85 0.09
S t r e t f o r d  U n i t 275 0.03
T r e a t i n g 0.5 0.46
S u b - t o t a l 12.98
P o l l u t i o n  C o n t r o l 8.5 % 1.10
R e f i n e r y  C o m p l e x i t y 14.09
M A I N T E N A N C E  C O S T  = 3.10 % of t o t a l  investment,
for the c o m p l e t e  refinery, 
it i n c l u d e s  maint. labor.
M A N P O W E R  
('82 basis)
1517 men, t o t a l  100.0
1186 men, m a i n t e n a n c e  78.2
330 men, o p e r a t i n g  21.8
W A G E S 40 9 0 0  '82 $ / m a n / y e a r
in c l u d i n g  b u r d e n
O P E R A T I N G  L A B O R  = 10808 '89 M $ / y r
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R O Y A L T I E S
P R O C E S S  PLA N T S
% i n v e s t . 
p e r  y e a r '82 M $ / y r
D e s a l t e r 7.3 165
Atm. D i s t i l l a t i o n 0
Vac. D i s t i l l a t i o n 0
C o k e r 4.0 2320
N a p h t h a  HD T 3.5 507
Cat. R e f o r m e r 4.4 1202
Cat. C r a c k e r 3.6 2264
L S R  N a p h t h a  Isom. 3.3 334
Mid. Dist. HD T 3.5 672
A l k y l a t i o n 7.3 1779
P o l y m e r i z a t i o n 8.5 0
H y d r o c r a c k e r 5.0 2944
M T B E 3.5 1625
i-C4 Deshydrg. 3.5 1672
C4 I s o m e r 3.3 848
G a s  Plant 0
A m i n e  T r e a t e r 0
H2 P l ant 0
C l a u s  P l ant 0
S t r e t f o r d  U n i t 0
Total, '82 M $ / y r 16332
'89 M $ / y r 21317
'89 $/bbl c r u d e 0.292
% T o t a l  Invest. / y e a r  ( '89) 1.29
% T o t a l  P r o d u c t  V a l u e 1.08
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S U M M A R Y  OF O P E R A T I N G  C O STS
IT E M '89 M $ / y r '89 $/bbl
E l e c t r i c i t y 41443 0.568
W a t e r  M a k e - U p 814 0 . 011
F uel Ga s 53231 0.729
Cat. & C h e m i c a l s 33884 0 . 464
M a i n t e n a n c e 3.10 % 51126 0 . 700
L a b o r 10808 0.148
O b s o l e c e n c e 1.90 % 3 1 3 7 6 0 . 430
R o y a l t i e s 50.0 % (1) 10658 0 . 146
Insur. & Prop. Tax 2.50 % 41285 0 . 566
I n t e r e s t s 0 % 0 0.000
M i s c e l l a n e o u s 0.15 % 2477 0.034
T o t a l 2 77103 3.796
(1) % of m a x i m u m
